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ABSTRACT

Soil Nutrient Cycling and Water Use in Response to Orchard Floor Management in
Stone-Fruit Orchards in the Intermountain West
by
Catherine Mae Culumber, Doctor of Philosophy
Utah State University, 2016

Major Professor: Dr. Jennifer R. Reeve
Department: Plants, Soils, and Climate
Fruit growers in Utah and other areas across the Intermountain West are faced
with growing production challenges stemming from declining soil quality and water
resources. Population growth presents challenges in terms of the cost and availability of
land, but also presents opportunities in the form of new marketing options such as
organic fruit. Few certified organic fruit orchards are operating in Utah currently, which
is attributed to a lack of locally tested and adapted organic management practices. An
organic peach orchard trial evaluated the effectiveness of different organic management
approaches to enhance soil quality and conserve water without compromise to fruit tree
growth and fertility. Two tree-row treatments: ‘straw mulch’ (Triticum aestivum L.) and
‘living mulch’ (Lobularia maritima (L.) Desv.) were tested in combination with two
alleyway groundcovers: ‘grass’ (Festuca rubra L. with Lolium perenne L.) and a legume,
‘Birdsfoot trefoil’ (Lotus corniculatus L.). The novel systems were compared with
industry standards, tillage and weed fabric tree-rows with grass alleyways. Trefoil
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alleyway biomass deposited into tree-rows contributed an estimated 6.24 kg biomass and
0.21 kg total N/tree annually. Trefoil treatments had higher levels of organic carbon (C)
and nitrogen (N), inorganic N, microbial biomass and enzyme activities, suggesting
trefoil alleyways enhanced soil nutrient cycling, as well as C and N reserves in
comparison to grass and tillage treatments. A functional gene array analysis was
conducted to describe the mechanisms, microbial functional composition and diversity
underlying the observed soil processes, however few differences were detected in soil
community structure between soils under different orchard floor management.
Significantly lower leaf 𝜹15N in trees grown with trefoil compared to grass, and
an association between root biomass, diameter and trunk cross-sectional area (TCSA)
suggests nitrogen sources derived from the trefoil groundcover contributed to improved
fruit tree vigor. Few differences resulted among orchard treatments for water use
(mm/week). Trends indicated slightly higher water use in trefoil over grass, but not
enough to offset observed soil quality and tree growth benefits. These findings suggest,
trefoil alleyways may provide ecological benefits such as improved soil quality and
efficient nutrient cycling, without substantial increases in water use.
(233 pages)
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PUBLIC ABSTRACT
Soil Nutrient Cycling and Water Use in Response to Orchard Floor Management
in Stone-Fruit Orchards in the Intermountain West
Catherine M. Culumber

An organic peach orchard trial evaluated the effectiveness of different organic
management approaches to enhance soil quality and conserve water without compromise
to fruit tree growth and fertility. Two tree-row treatments: ‘straw mulch’ (Triticum
aestivum L.) and ‘living mulch’ (Lobularia maritima (L.) Desv.) were tested in
combination with two alleyway groundcovers: ‘grass’ (Festuca rubra L. with Lolium
perenne L.) and a legume, ‘Birdsfoot trefoil’ (Lotus corniculatus L.). The novel
treatments were compared with tillage and weed fabric tree-rows with grass alleyways.
After mowing, cuttings from the trefoil alleyway were deposited into tree-rows, which
provided additional N to fruit trees. The trefoil treatments resulted in higher levels of soil
organic matter and available nitrogen, and microbial activity, as well as a higher density
of larger tree roots and greater trunk growth. This suggests trefoil alleyways enhanced
soil fertility and improved tree vigor to a greater extent than grass and tillage treatments.
Few differences in water use were found among orchard treatments. Trends indicate
slightly higher water use in trefoil than grass, but not enough to offset the observed soil
quality and tree growth benefits. These findings suggest incorporating trefoil
groundcovers into orchard alleyways may provide ecological benefits such as improved
soil quality and prolonged fertility without substantial increases in water use.
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CHAPTER I
INTRODUCTION
Utah is known as a producer of high quality stone-fruit. Increasing pressure from
urbanization however has raised property values and resulted in the commercial
development of many acres of prime fruit-growing land. In some instances, this
development has moved fruit orchard production into areas with reduced soil quality. Soil
quality is defined as the capability of soil to function within natural or managed
ecosystems, so as to sustain plant and animal productivity essential to people and the
environment (Doran and Parkin, 1996; Doran and Zeiss, 2000). Arable soils found
throughout the state are typically low in soil organic matter (SOM), with high pH and
high salt conditions. These environments are associated with soil quality problems such
as low nutrient reserves and reduced capacity to cycle nutrients. Additionally,
competition for irrigation water is increasing. Frequent irrigation cycles during dry
summer months are a vital component of fruit orchard management in the semi-arid,
Intermountain West region. Utah is the second driest state in the country with a mean 25
to 40 mm annual precipitation, most of which comes in the form of mountain snowpack.
Climate changes are expected to result in shallower snowpack and earlier snowmelt,
which will have a drastic impact on water availability for agriculture (McInerney and
Alvord, 2007). As result fruit growers must adopt irrigation systems and management
practices that decrease water use, without inhibiting fruit-tree growth and productivity.
Despite rising land costs and environmental challenges, growing populations may
provide new markets and sources of profit for farmers looking to persist and diversify
their growing operations. Organic fruit production may be a profitable new market
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option. Increasing numbers of consumers have demonstrated a willingness to pay for
organically produced foods, citing the potential health risks associated with pesticides
residues, and the environmental consequences of conventional production practices
(Lockie, 2006). Utah’s arid climate provides a reduced level of fungal and disease
pressure, an ideal environment for organic fruit production. Fruit growers have expressed
interest in expanding market opportunities through organic and integrated production.
However, of the approximately 7,000 fruit producing acres in Utah, few are certified
organic acreage (Kestle, 2010). This can be partly attributed to a lack of extension service
knowledge and locally tested and adapted organic management practices.
Literature Review
Soil Fertility in Organic Orchard Systems
In need of further exploration is the identification of organic management
practices that can be adapted to the low SOM and low nutrient reserve characteristics
typical of Utah soils. Deficiencies in critical nutrients, principally nitrogen (N), can lead
to declines in fruit tree growth and yield. Conventional orchardists circumvent low soil
nutrient reserves with soluble mineral fertilizers that need only reside in the soil long
enough for tree uptake. Most organic systems attempt to mimic the conventional fertility
model with the heavy application of organic amendments. Composted manure is among
the most common forms of fertilizer used in commercial organic peach orchards.
Previous research has shown that elevated compost applications positively impacted
carbon (C) and N dynamics, increased microbial activity in the soil, and increased fruittree yield (Baldi et al., 2010a, 2010b; TerAvest et al., 2010). However, a problem with
compost and other organic inputs is that the N content is low (generally at or below 2%).
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Additionally, compost has a slow nutrient turnover with a minimal proportion of readily
available N for tree uptake. As a result, compost is often applied in excessive quantities
to meet tree nutritional requirements. Higher compost application rates are costly and
associated with nutrient imbalances such as elevated concentrations of soil phosphorus
(P) and potassium (K). Excessive levels of N, P and K can leach through the soil profile
and N and P contribute to water quality issues (Hargreaves et al., 2008). Guidelines
established by the National Organic Program require fruit growers to maintain and
improve soil and overall environmental quality with the use of a rotation of groundcovers
and plant and animal materials (Koenig and Baker, 2002). A treatment based approach
that simply substitutes conventional inputs with approved organic materials may fall
short of meeting these requirements. Research conducted in other regions have found that
practices that incorporate a combination of organic inputs provided by composts, mulches
and groundcovers are more environmentally and economically sustainable methods of
production that can meet tree fertility needs, improve soil quality characteristics and
reduce nutrient losses (Forge et al., 2003; Granatstein and Mullinix, 2008; Sánchez et al.,
2007).
A renewed interest in integrating ecological principles into food production
systems has prompted efforts to identify practices that achieve adequate yields while
reducing external inputs (Drinkwater and Snapp, 2007; Lowrance et al., 1984). In
contrast to conventional fertility management strategies, ecologically focused organic
orchard management must rely on the quality of the soil, particularly the soils capacity to
cycle and retain nutrients to provide adequate fertility for tree growth and productivity.
The productive capacity of an agricultural system is dependent on the balance of the
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various forms of organic and inorganic N compounds, which dictate the way in which the
N cycle proceeds. In fruit production, the timing of N supply can profoundly influence
assimilation of N, tree growth and yield (TerAvest et al., 2010). The amount of inorganic
N available to plants is largely dependent on mineralization-immobilization processes
comprised of many reactions catalyzed by different enzymes (Nannipieri et al., 2002).
Nitrogen mineralization is the production of ammonium (NH4+) from organic N.
Ammonium is either transformed to nitrate (NO3-), through nitrification processes or
immobilized. Immobilization is the reverse process of assimilation of inorganic N to form
organic compounds. An optimized organic system maintains a balance of soil nutrients,
where the inflow of nutrients is roughly equal to the outflow. Nutrient inflows are
supplied by plant, animal, and microbial residues that contribute to SOM. The rate of
nutrient outflow corresponds to plant uptake, nutrient turnover dynamics, leaching, run
off and volatilization rates. What remains to be determined is if selected orchard
management strategies can reduce external inputs and achieve a balanced state, where
soil nutrients are not deficient or present at levels that exceed the capacity of the soil to
cycle or store the nutrients in internal reservoirs (Drinkwater and Snapp, 2007).
Increasing SOM is a central concept to achieving a balanced, productive organic
agricultural system. Agricultural practices that improve SOM have been associated with
increasing soil nutrient stores and sufficient crop yields (Nissen and Wander, 2003;
Wander et al., 2002). Soil organic matter is mainly comprised of C and N pools of
varying quality and quantity that contribute to various physical, chemical, and biological
soil functions (Acosta-Martinez et al., 2011). Organic C provides the energy necessary
for soil microorganisms to decompose and mineralize SOM into plant available nutrients.
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The rate at which mineralization and ensuing transformation processes occur is strongly
influenced by the biochemical and physical qualities of soil organic matter, organic
inputs and the soil microbial community (Bending et al., 1998). Correspondingly,
microbial community structure and function is a product of the quality and quantity of
organic inputs into the soil (Bending et al., 2002, 2004; Griffiths et al., 1998). Dependent
on the composition, a mixture of substrates from different litter sources in natural systems
have been shown to alter the efficiency by which microbes utilize C (Anderson and
Domsch, 1990; Bardgett and Shine, 1999; Dehlin et al., 2006). Additionally, soil
microbial diversity has been shown to change in response to a mixture of substrates,
when plants were growing in the soil (Chapman et al., 2013; Chapman and Newman,
2010; Dehlin et al., 2006). What still remains to be investigated is the response of soil
microbial function and structure to a combination of agricultural organic input substrates,
in the presence or absence of vegetative groundcovers. Obtaining such information may
be helpful in selecting orchard management practices that foster efficient soil microbial
communities, enhance soil nutrient cycling and immobilizing processes, and increase soil
fertility and crop yields.
Orchard Floor Management
Among the larger concerns in orchard fruit production is selecting cost effective
methods that reduce competition between fruit trees and weeds for nutrients and water.
Turf grass alleyways with vegetation free strips are the most common orchard floor
management practice in conventional fruit production due to the ease of management,
low rodent populations, and durability to equipment traffic. The weed-free area is a
critical component to this system as most of the fruit-tree root growth is thought to be
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concentrated in the vegetation free strips. Organic systems lack approved and effective
options to suppress weeds that compete with establishing fruit trees. In-row tillage and
inorganic mulches such as weed fabric are effective alternatives to conventional
approaches for weed control and are considered the industry standard for organic
production practices (TerAvest et al., 2010). Tillage results in rapid soil C and N
mineralization when used in conjunction with compost or other organic amendments.
However, long-term use disrupts tree-roots (Cockroft and Wallbrink, 1966), as well as
soil structure, water content and air space, thereby reducing the supply of C and N
nutrients for microorganisms (Hoagland et al., 2008; Sanchez et al., 2001). Several
studies have established the deleterious impacts of tillage on soil microbial composition,
enzyme activity, and biological processes (Deng and Tabatabai, 1997; Dick, 1984, 1992;
García-Ruiz et al., 2008).
Non-living mulches derived from organic or inorganic sources are management
approaches shown to positively impact tree and soil water status (Granatstein and
Mullinix, 2008). Weed fabric has proven effective in controlling weeds, reducing water
evaporation and is thought to be very suitable for use in young orchards (Mage, 1982;
Neilsen et al., 2003a; Yin et al., 2007, 2011). However, weed fabric mulch is costly, and
can provide habitat for voles and other unwanted pests in the winter months, which could
lead to fruit-tree trunk girdling. Weed fabric has been associated with elevated soil
temperatures, which may be detrimental to nutrient availability and overall soil quality
(Forge et al., 2003; Neilsen et al., 2003a, 2003b, 2007).
Approaches that integrate organic mulches into fruit orchards have a capacity to
attain tree growth and yields comparable with conventional fruit production (Granatstein
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and Mullinix, 2008; Reganold et al., 2001; TerAvest et al., 2011). Studies of organic inrow mulches such as shredded paper, wood chips, and straw have resulted in improved
SOM content, soil nutrient cycling, N availability and water retention (Hoagland et al.,
2008; Neilsen et al., 2003b; Sanchez et al., 2003; Skroch and Shribbs, 1986; TerAvest et
al., 2010). Straw mulch has documented potential for improving soil quality and tree leaf
nutrition and moisture retention, but has also been associated with tree root diseases,
rodent infestation (Merwin et al., 1994), and weed seed distribution (Rowley et al.,
2011a). The high C to N ratio of straw may lead to N immobilization, requiring higher
compost application rates to meet tree N requirements (Hoagland et al., 2008).
Living mulches or cover crops can be used in combination with or instead of nonliving mulches such as straw or wood chips. Established in the alleyway or tree-row,
living mulches have a recognized potential to improve soil structure, increased soil water
holding capacity and infiltration, and soil organic matter content. Living mulch plants can
reduce soil nutrient loss by immobilizing and retaining nutrients (Sanchez et al., 2003).
Living mulches increase SOM content by contributing root exudates and plant litter
leachates. Planted as a living mulch, N fixing legumes can provide a portion of fruit-tree
N needs (Mullinix and Granatstein, 2011; Ovalle et al., 2008, 2010; Rowley et al.,
2011b). When planted in the alleyway, Mullinix and Granatstein (2011) observed
elevated leaf chlorophyll and delayed senescence in apple trees, concluding trees were
likely accessing supplemental N either from the deposition of alleyway alfalfa biomass
into the tree-row, laterally with sub surface water, or via tree roots beneath the alleyway.
More research is necessary to determine the impact of legume cover crops on the density
and distribution of fruit-tree roots and the potential contribution of N to fruit-tree
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nutrition.
In addition to these documented benefits, there can also be challenges with
incorporating living mulches into orchards, however. When grown in the tree-row with a
turf grass alleyway, legume groundcovers were detrimental to tree growth and
productivity despite the observed benefits in soil quality attributes (Hoagland et al., 2008;
Hogue et al., 2010; Neilsen and Hogue, 1992; Sanchez et al., 2003; TerAvest et al.,
2010). Legume groundcovers may attract tree girdling rodents and fruit damaging insects
(Merwin et al., 1999) and can also be difficult to establish in environments where cold
winter temperatures hamper survival. The suitability of establishing various species of
legume living mulches in orchard alleyways, across different growing regions, needs
further study.
Incorporating living mulches into organic orchards may also result in greater
water-use demands than conventional methods (Rowley et al. 2011b). Numerous studies
have concluded fruit tree growth and yields are adversely affected as a result of
competition between trees and living mulches for water (Glenn and Welker, 1993; Goode
and Hyrycz, 1976; Merwin and Stiles, 1994; Sanchez et al., 2003). The potential
drawback of increased water requirements by groundcovers needs to be compared with
other perceived benefits to determine the practicality of their use in orchard floor
management.
Orchard Water Use and Fruit-Tree Water Stress
Irrigation is a vital component of fruit-orchard management in semi-arid regions.
Several methods have been devised to estimate orchard water requirements and irrigation
scheduling. Irrigation cycles are commonly programmed based on soil-water status,
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which is the volume of water needed to maintain soil moisture between field capacity and
allowable depletion. Recent studies have demonstrated the utility of different multi-depth
capacitance sensors for monitoring soil moisture changes and scheduling irrigation, but
few have explored their use for orchards irrigation (Vera et al., 2009).
Tree water stress indicators are a means to determine if prescribed irrigation
cycles successfully maintain fruit tree water requirements, because actual plant stress
measurements represent the integrated effects of soil, plant and atmospheric conditions
(Shackel, 2011). Midday stem water potential represents the balance between water taken
up minus the amount of water transpired in fruit trees and is considered to be among the
best, most reliable methods of determining stress in fruit trees (McCutchan and Shackel,
1992; Naor, 1998). As evaporative demands increase, stem water potentials become more
negative. The point at which water deficit treatments had significantly lower stem water
potential than well-watered trees in peach trees has been determined to be approximately
-0.9 Mpa, (Abrisqueta et al., 2013; Shackel et al., 1997). Maximum fruit tree yields have
been shown to decrease by as much as 10% when stem water potential falls below -0.9
Mpa (Vera et al., 2012). Despite an abundance of research about the influence water
irrigation scheduling has on tree water stress, there is little documentation about what
influence different orchard floor groundcover management approaches have on midday
stem water potential readings (Potter et al., 2012).
The viability of organic management practices need to be established to assure
fruit growers that transitioning their growing operations will be worthwhile. Shifting to
organic practices may provide ecological benefits such as improved soil quality, more
efficient soil nutrient cycling, and increased diversity of plants and functionality of soil
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biota. These perceived benefits need to be weighed against potential drawbacks such as
increased water use. Systematic trials are necessary to provide viable orchard
management models to growers interested in adopting sustainable or organic
management practices specifically tailored to the climate and environmental conditions
encountered in Utah and the Intermountain West.
Organic Stone-Fruit Orchard Trial
The Organic Stone-Fruit Research project was initiated in 2008 at the Agricultural
Experimental Station in Kaysville, Utah (41°01'17.2"N 111°55'43.4"W) to develop a
long-term research site that characterizes the benefits and tradeoffs of organic orchard
floor management strategies in the context of a whole system. The orchard soil is
classified as a Kidman sandy loam (Mesic Calcic Haploxeroll), with approximately 37%
sand, 45% silt, and 18% clay. The certified organic peach orchard consists of four
replicates of six different orchard floor treatments:
1) Straw mulch (either wheat (Triticum aestivum L.) or barley (Hordeum vulgare
L.)) with grass alleyway (Festuca rubra L. and Lolium perenne L.) (StGr)
2) Straw mulch with the legume Birdsfoot Trefoil (Lotus corniculatus L.)
alleyway (StTr)
3) Living mulch (shallow rooted Alyssum, Lobularia maritima (L.) Desv.) treerow with grass alleyway (LmGr)
4) Living mulch tree-row with legume alleyway (LmTr)
5) Tillage with grass alleyway (TiGr)
6) Weed fabric with grass alleyway (FaGr).
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Two cultivars (‘Starfire’ and ‘Coralstar’ on ‘Lovell’ rootstock) were planted in
alternating blocks of three rows of 15 trees each. Each plot consisted of three rows of five
trees spaced 2.44 m in-row by 4.88 m between rows. To avoid boundary affects from
adjacent treatments, data was collected from the three centermost trees in the plot. Each
plot received 17 g N from chicken manure in early 2008 and bovine paunch manure
compost was applied supplying 24, 32, 51, 31 and 53 g total N per tree in 2009, 2010,
2011, 2012 and 2013 respectively, assuming available N was between 20 to 30%.
Individual compost rates per plot were adjusted up or down relative to the base rate based
on tree growth as indexed by increase in trunk cross-sectional area (TCSA) cm2. Due to
the rise in soil phosphorus (P) levels after successive manure compost applications, the
baseline rate of steer manure compost was limited to 2.27 kg DM per tree in 2011 and
subsequent years. Additional N was applied with an organically approved feather and
blood meal product (NatureSafe, 13-0-0) in late May with 63, 137, and 216 g of
additional N per tree respectively from 2011 to 2013. Straw was applied to the straw
mulch tree-row treatments annually (0.1 m3 bale per 5 trees or 1 T/ha). The living mulch
tree-rows were originally planted with shallow rooted alyssum, with the objective of
establishing a cover crop that would reseed itself annually with minimal maintenance
requirements. Treatments 1 through 4 were managed according to the sandwich tillage
system (Hoagland et al., 2008) with a narrow 0.3 m tilled strip maintained between the
tree-row and alleyway. Fertilization amendments were applied to the tillage strip and
incorporated to increase infiltration and reduce nutrient competition between trees and
groundcovers. Fertilizer amendments were broadcast across the tree-row in both the
tillage and weed fabric treatments. Tillage treatments were tilled to a 10 cm depth across
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the tree-row approximately once per month. Living mulches and weeds in tree-row
treatments were mowed approximately once per month so that irrigation micro-sprinkler
output was not impeded. The orchard alleyways were also mowed monthly and the plant
biomass from the legume alleyway treatments blown into the tree-row and allowed to
remain on the surface.
This project was designed to identify practical methods to facilitate the transition
to organic tree-fruit production. We sought to identify practices that address soil quality
and water use issues associated with impaired tree growth and productivity. Soil quality
indicators were evaluated to infer what orchard floor management practices best enhance
long-term soil quality and fertility, with the potential to reduce the application of external
inputs over time. We assessed the influence of orchard management on soil microbial
community diversity and structure, and the potential relationship to soil nutrient cycling
processes. Fruit tree physiological responses to management, including tree root
distribution and leaf N content were observed to determine which orchard floor
management practices reduce competition between trees, weeds and cover crops for
nutrients. Soil water status was monitored in conjunction with stem water potential to
evaluate whether water use demands vary under different management strategies. We
expected that a combination of organic inputs, mulches and leguminous alleyway
groundcovers would optimize soil quality conditions, while reducing competition
between trees and weeds for nutrients and water. Our goal was to use this information to
identify organic orchard floor management practices that are feasible to implement and
provide the most apparent benefits for commercial fruit growers in Utah and the
Intermountain West region. The specific objectives and hypotheses are described below.
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Further justification for each objective and detailed sub-hypotheses are outlined in more
detail in four subsequent chapters.
The dissertation is written in six chapters to address the above mentioned goals.
Chapter I provides an introduction to soil, water and climate conditions that impact
agriculture in Utah and describes the implications for organic fruit production. This is
followed by an overview of past orchard floor management studies and new research
questions outlined in the subsequent chapters of the dissertation. Chapters II, III, IV, and
V will be written in multiple paper format. Chapter II will be submitted to Soil Science
Society of America. This paper will describe soil quality and nutrient cycling responses
to different orchard floor management practices observed in 2011 and 2012. Chapter III
and IV will be submitted to Journal of the American Society for Horticultural Science
(ASHS). Chapter III will be submitted to describe tree-root growth, tree leaf % nitrogen
and 𝜹15N natural abundance content in response to different orchard floor management
practices from 2010 to 2012. Chapter IV will summarize water use, tree-growth, and
orchard floor plant community composition under different orchard floor treatments over
the course of the growing season from 2010 to 2013. Chapter V will be submitted to
Applied Soil Ecology and will report observed soil microbial community assemblages
beneath different orchard floor management treatments as determined with a functional gene
microarray analysis, and describe any apparent relationship between nutrient cycling

processes and soil microbial community structure. Chapter VI will provide a synthesis of
the findings of the whole project and describe the implications for growers looking to
adapt organic management practices, and propose directions for future research. An
appendix will provide data not described in detail in Chapters II-V.
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OBJECTIVES AND HYPOTHESES
I) Evaluate the impact of organic orchard floor management on soil quality and
nutrient cycling.
Hi. Orchard floor management with a legume alleyway will increase in soil
quality and nutrient cycling potential.
II) Measure fruit-tree root distribution and tree leaf nitrogen under contrasting
orchard floor management practices.
Hii. Orchard floor management with a legume alleyway will result in the highest
density and distribution of fruit tree roots and greatest acquisition of soil N in
fruit-tree leaves.
III) Determine the effect of cover crops and mulches on relative water use in peach
orchards.
Hiii. Orchard floor treatments that incorporate cover crops and living mulches
will have greater relative water use than treatments with effective weed
management.
IV) Determine the structure and function of soil microbial communities under
contrasting orchard floor systems.
Hiv. Living mulch tree-row with trefoil alleyway (LmTr) orchard floor treatments
will result in the most functionally diverse and abundant microbial communities
related to C, N and P cycling
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CHAPTER II
ORGANIC ORCHARD FLOOR MANAGEMENT IMPACT ON SOIL QUALITY
INDICATORS: NUTRIENT FLUXES, MICROBIAL BIOMASS AND ACTIVITY1

ABSTRACT
Adequate soil quality and fertility are essential to the establishment of healthy,
high yielding fruit trees in organic orchard systems. This study was conducted to compare
the effects of different organic orchard floor management approaches on soil quality
indicators related to soil nutrient cycling and carbon retention. Two tree-row treatments:
‘straw mulch’ (Triticum aestivum L.) and ‘living mulch’ (Lobularia maritima (L.) Desv.)
were tested in combination with two alleyway groundcovers: ‘grass’ (Festuca rubra with
Lolium perenne L.) and a legume, ‘Birdsfoot trefoil’ (Lotus corniculatus L.) and
compared to an industry standard, tillage with a grass alleyway. Trefoil alleyway biomass
was cut and deposited into tree-rows to contribute an estimated 6 kg biomass and 0.2 kg
additional total soil N tree-1 annually. Tree-row soils with a trefoil alleyway resulted in
greater organic C (16.0 g kg-1), total N (1.61 g kg-1), microbial biomass (526 μg CO2-C g1

soil), dehydrogenase (5.78 μg TPF g-1 soil hr-1), alkaline and acid phosphatase (165 and

347 μg p-nitrophenol g-1 soil) enzyme activity, soil NO3-N (3.31 μg NO3--N g-1 soil), and
nitrification rates (0.42 μg NO2--N + NO3--N g-1 soil hr-1) than soil with grass alleyways.
The main effects of straw mulch and living mulch tree-rows did not differ. Metabolic

1
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CO2 quotient (qCO2) values were lowest in trefoil alleyway and living mulch with grass
treatments, indicating greater microbial growth efficiency. The tillage and straw mulch
with grass alleyway treatments had the highest qCO2 (0.0053 and 0.0046) and the lowest
microbial biomass (246 μg CO2-C g-1 and 297 CO2-C g-1 soil). Consistently higher values
for indicators of potential chemical and biological activity and total C and N, suggests
incorporating trefoil groundcovers into orchard alleyways enhances soil organic matter
and promotes a balance of nutrient cycling and nutrient retentive processes.
INTRODUCTION
Organic orchard systems rely on soil quality, particularly the soils capacity to
cycle and retain nutrients to provide adequate fertility for tree growth and productivity.
Soil quality is described as the capability of soil to function within natural or managed
ecosystems, so as to sustain plant and animal productivity essential to people and the
environment (Doran and Parkin, 1996). Soil quality is often used interchangeably with
the term ‘soil health’. Commonly used organic orchard floor management practices such
as cultivation, contribute to soil quality decline and the rapid mineralization and loss of
soil nutrients, principally carbon (C) and nitrogen (N) (Six et al., 1999; Hoagland et al.,
2008; TerAvest et al., 2011). A number of studies have established the deleterious
impacts of tillage on soil microbial biomass, enzyme activity, and biological processes
(Dick, 1984; Deng and Tabatabai, 1997, 2000; García-Ruiz et al., 2008), which has
prompted researchers to identify alternative orchard floor management practices that
maintain or improve soil quality characteristics. Other approaches that use living and
non-living mulches are associated with enhanced soil health but can immobilize N, which
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can slow tree growth and reduce yields. Achieving a balance between nitrogen
mineralization, and the reverse process immobilization, is a primary concept of nutrient
management in organic agriculture (Drinkwater and Snapp, 2007). Approaches that
adequately balance these processes while promoting the growth of healthy, productive
fruit trees need to be identified.
Orchard floor mulches and groundcovers provide organic materials of variable
composition and abundance that maintain and enhance soil organic matter, an integral
component of soil quality and nutrient reserves (Kononova, 1961). The proportion of C to
N in organic matter residues can expedite or slow the decomposition and transformation
of soluble inorganic nutrients (de Graaff et al., 2010). Legume mulch plant biomass is
considered to be a high quality input, with a lower C to N ratio than other mulches.
Legume sources of N are generally considered to be less prone to rapid loss than
chemical forms of N (Crews and Peoples, 2004, 2005), improve soil quality
characteristics and can provide a portion of fruit-tree N needs (Sanchez et al., 2003;
Ovalle et al., 2008, 2010; Mullinix and Granatstein, 2011). However, despite
enhancements to soil quality and fertility, some studies have concluded that legumes have
an adverse effect on fruit tree growth and yield when established in the tree-row. These
effects are assumed to be related to increased immobilization of soil N by the legume
groundcovers (Sanchez et al., 2003; Hoagland et al., 2008; TerAvest et al., 2010). In
contrast, other studies have observed enhanced or comparable tree growth in comparison
to turf grass when legumes were established in alleyway (Mullinix and Granatstein, 2011;
Reeve et al., 2013). The effect of a legume alleyway on tree-row soil nutrient cycling and
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retention need further study.
Non-living tree-row mulches made from shredded paper, wood chips, and straw
have also been shown to enhance organic matter content, soil nutrient cycling, and
inorganic N concentrations in the long-term (Yao et al., 2005; Yin et al. 2012; Neilsen et
al., 2014). Atucha et al. (2011) found that bark mulch increased soil total N by 40% over
a seven-year period and concluded that mulches with high levels of labile C provide a
sink for excess N, support microbial biomass, and provide retention of soil N. However,
mulches with a high C to N ratio may lead to greater N immobilization in the short term,
requiring higher compost application rates to meet tree N requirements (Hoagland et al.,
2008). Dependent on the composition, a mixture of substrates from different litter sources
in natural systems have been shown to increase the efficiency by which microbes utilize
C (Anderson and Domsch, 1990; Bardgett and Shine, 1999; Dehlin et al., 2006). More
information is needed to determine if nutrient mineralizing and immobilizing processes
are affected when straw or other high C containing inputs are combined with inputs of a
lower C to N ratio, like that of living mulches and legume groundcovers.
The goal of this research study was to compare the effects of different orchard
floor management strategies on soil processes associated with balanced soil
mineralization and immobilization, and thus enhanced soil health and fertility. We
compared combinations of inputs from composts, mulches, and groundcovers with the
organic industry standard, tillage with organic fertilizers. We hypothesized treatments
with higher residue quality, provided by a legume (‘trefoil’) groundcover combined with
high C containing straw mulch in the tree-row would demonstrate the greatest N
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mineralization and C storage potential. We expected a tillage tree-row with a grass
alleyway would result in the lowest accumulations of total C and N in comparison to
other orchard floor treatments. Determining how soil quality indicators respond to
orchard floor management may assist in the selection of practices that improve soil health
and fertility, reduce the volume of inputs needed to attain target fruit tree growth and
productivity, and decrease adverse environmental impacts associated with soil
degradation and nutrient loss.
MATERIALS AND METHODS
Study Site
The Organic Stone-Fruit Research project was initiated in 2008 at the Agricultural
Experimental Station in Kaysville, Utah (41° 1'16.73"N, 111°55'43.37"W) to develop a
long-term research site to characterize benefits and tradeoffs of organic orchard floor
management strategies in the context of a whole orchard system (Reeve et al., 2013). The
orchard trial consisted of 24 plots with 4 replicates for each treatment. Each plot
consisted of 3 rows of 5 trees spaced 2.44 m in-row by 4.88 m between rows. The initial
soil properties as determined in 2008 are described in Table 2-1. Five of the six
treatments in the certified organic peach orchard were selected for use in this study: straw
mulch (either wheat (Triticum aestivum L.) or barley (Hordeum vulgare L.)) with grass
alleyway (Festuca rubra L. and Lolium perenne L.) (StGr), straw mulch with the legume
Birdsfoot Trefoil (Lotus corniculatus L.) alleyway (StTr), living mulch (shallow rooted
Alyssum, Lobularia maritima (L.) Desv.) tree-row with grass alleyway (LmGr), living
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mulch tree-row with trefoil alleyway (LmTr), and tillage with grass alleyway (TiGr).
Straw was applied (one 0.1 m3 bale per 5 trees or 1 T/ha) to the straw mulch tree-row
treatments each March. The living mulch tree-rows were originally planted with alyssum,
with the objective of establishing a cover crop that would reseed itself annually with
minimal maintenance requirements. However, this treatment reverted to natural
vegetation within two growing seasons. The living mulch and straw mulch tree-rows
were managed with a sandwich tillage system (Hoagland et al., 2008), which consists of a
narrow 0.3 m tilled strip maintained between the tree-row and alleyway.
Fertilizers were applied to the tillage strip and incorporated to increase infiltration
and reduce competition between trees and groundcovers. Fertilizers were broadcast
across the tree-row in the tillage treatment. Each plot received 17 g N from chicken
manure in early 2008 and bovine paunch manure compost was applied supplying 24, 32,
51, and 31 g total N per tree in 2009, 2010, 2011, and 2012 respectively, assuming
available N was between 20 to 30%. An organically approved feather meal product
(NatureSafe, 13-0-0) was also applied in late May of 2011 and 2012, at a rate of
approximate 63 and 137 g of additional N per tree, respectively. The baseline rate was
adjusted up or down on a plot basis depending on tree growth. The tillage treatment treerows were tilled to a 10 cm depth across the tree-row approximately once per month.
Living mulches and weeds in tree-row treatments were mowed approximately once per
month so that irrigation micro-sprinkler output was not impeded. The orchard alleyways
were also mowed monthly and the plant biomass from the trefoil alleyway treatments
blown into the tree-row and allowed to remain on the surface. To avoid boundary affects
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from adjacent treatments, data was collected from the three centermost trees in the plot.
The orchard study included another commercial industry standard, weed fabric
tree-row with grass alleyway (FaGr). We observed early on in the study that voles
(Microtus sp.) or other fruit-tree trunk girdling rodents would inhabit the space
underneath the weed fabric during the winter. To address this issue, weed fabric was
pulled back away from the base of tree-trunks in the fall, then set back in place for the
duration of the growing season after a one-time application of compost and feather meal
amendments in the spring. The FaGr treatment received a full fertilizer application in
2012 before a crop loss due to late frost. In response to this crop loss, the second fertilizer
application was reduced in the remaining five treatments. As a result, FaGr was removed
from analysis due to the higher nutrient input application relative to other treatments in
2012.
Soil Chemical and Biological Analyses
Soil samples were collected in 2011 and 2012 from 0 to 30 cm monthly (May to
August), and from 0 to 10 cm in June of both years from each of the five treatments. Each
sample consisted of six homogenized sub samples obtained with a 1.6 cm diameter soil
probe, collected within the tree-row and below the tree drip line of the three centermost
trees in the plot. Soils were sieved through a 2 mm screen and either stored at 4°C until
soil analyses were completed or air-dried depending on the analysis conducted.
Respiration tests were performed on 0-10 cm soils, according to Anderson and
Domsch (1990). Five g of field moist soil was brought to 22% moisture, estimated to be
the optimal water content based on soil texture and bulk density. Samples were capped
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with a screw cap septum and incubated at 25°C for 12 days in darkness. Readily
mineralized carbon (Cmin) was determined by measuring the CO2 evolved at the end of
the incubation period with an infrared CO2 analyzer (Model 6251, LICOR Biosciences,
Lincoln, Nebraska). The caps were then removed for two hours, flushed with moisture
saturated air, then sealed with parafilm and stored at 25°C overnight. Vials were then
recapped and basal respiration (BR) (μg CO2-C g-1 soil hr-1) was measured exactly two
hours after capping. Caps were replaced with parafilm then returned to 25°C overnight.
To determine microbial biomass from substrate induced respiration, 250 μl 0.33 M
D-glucose dissolved in distilled de-ionized water (DDI), was added to each sample,
capped then measured for CO2 exactly two hours after substrate addition. Microbial
biomass (Cmic) was calculated using the equation x = 40.4Y + 3.7 derived by Anderson
and Domsch (1978), where y is the maximum rate of respiration (μl CO2 g soil-1 hr-1), and
x is the μg microbial g-1 soil. The ratio of Cmic to Cmin, Cmic to soil organic C (Cmic to Corg
%) concentration, and BR to Cmic, the metabolic quotient (qCO2), was estimated for each
soil sample (Anderson and Domsch, 1989, 1993).
Total C (TC), inorganic C (IC) and TN were determined for air dried, and finely
ground (<0.2 μM) soils from the 0-10 cm depth with PrimacsSNC total C and N
analyzers (Skalar Inc., Buford, GA). Total organic C (TOC) was determined based on the
calculated difference between TC and IC. Soil C analysis revealed only trace amounts of
inorganic C in the top 30 cm of the orchard soil profile so total C was assumed to be
equal to that of organic C. The total N input from the trefoil alleyway biomass was
estimated based on monthly analysis of the TN of dried and ground alleyway biomass
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subsamples. Soil NO3- -N and NH4+ -N was extracted from field moist soils collected
monthly from the 0-30 cm depth, with 1 M KCl (S-3.50 Gavlak et al., 2003). The
samples were then measured from 0 to 5 mg N L-1 range to detect NH4+ -N (QuickChem
method 12-107-06-1-B) and from 0 to 20 mg N L-1 for NO3--N (QuickChem method 12107-04-1-B) with a Lachat QuickChem 8500 Flow Injection Analyzer (Hach Company,
Loveland, Colorado). Potential N mineralization was estimated for field moist 0-10 cm
soil samples with a laboratory incubation as described by Robertson et al., (1999). Soil
NO3--N and NH4+-N were extracted from incubated soils on day(s) 0, 3, 7, 14, 28, and 35.
The inorganic N extracts were measured as described above. Potential N mineralization
was estimated for each treatment using the Net N mineralization equation as outlined by
Robertson et al., (1999). Where Nmineralized = (Nitratef + Ammoniumf) - (Nitrate0 +
Ammonium0) / Tdays. Nitratef and Ammoniumf are the final concentration of NO3--N g-1
soil and NH4+-N g-1 soil at the end of each incubation time (Tdays). Potential nitrification
rate measurements were carried out on 15 g field moist soil according to Hart et al.
(1994). A solution containing the soil and 100 ml of 1.0 mM NH4+ and 1 mM phosphate
solution was covered with a vented closure then placed on a shaker at 200 rpm for 24
hours. At 2, 4, 22, and 24 hours a sample aliquot was taken from the slurry, then filtered
through a Whatman no. 40 filter. The filtrate was stored at -20°C until analyzed for
NO2- + NO3- as described above.
Dehydrogenase activity was measured according to Tabatabai (1994) on 2.5 g
field moist soil in triplicate from the 0-10 cm collection from all treatments. Soils were
moistened to 22% moisture by weight with double distilled water and incubated
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overnight at 25°C. The following day, 0.5 ml of 3% triphenyl tetrazolium chloride (TTC)
and 1.0 ml 2% CaCO3 solution was added to each tube, mixed thoroughly then incubated
at 37° C for exactly 24 hours. The product of the incubation, triphenylformazan (TPF),
was extracted with 10 ml methanol and measured with a microplate reader (SpectraMax
M2, Molecular Devices, Sunnyvale, California) at 490 nm. Control readings were
subtracted from each sample and the μg TPF g-1 dry weight soil was determined using a
standard curve. Phosphatase activity was measured according to Tabatabai and Bremner
(1969), on 1 g dry weight equivalent 0-10 cm collected soils. A control for each sample
was included to account for color exuded by humic materials in the soil similar to that of
p-nitrophenol. To each tube was added 4.0 ml modified universal buffer (MUB) (pH 6.5
for acid and pH 11 for alkaline), and 1.0 ml disodium p-nitrophenyl hexahydrate solution
in MUB (excluding the controls). Samples were mixed thoroughly and incubated for
exactly one hour at 37°C. After incubation, 1.0 ml 0.5 M CaCl2 solution, and 4.0 ml
0.5 M NaOH was added to both samples and controls. Disodium p-nitrophenyl phosphate
solution was then added to the controls only. After mixing thoroughly, all samples were
centrifuged at 4,000 rpm for 5 minutes. The supernatant from each sample was
transferred in 200 μl aliquots to a microtiter plate. Absorbance was measured at 405 nm
using a microplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, California).
Control readings were subtracted from each sample and the μg p-nitrophenol g-1 dry
weight soil was determined using a standard curve.
Statistical Analysis
Soil parameters were assessed for the main effects of alleyway (grass or trefoil),
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tree-row (straw and living mulch) and their interaction with a general linear mixed model.
Contrast statements were used to compare the mean responses of tree-row and alleyway
factors to the tillage treatments. Analyses comparing the main effects of alleyway and
treerow and contrasts to tillage treatments are shown in Appendix Tables A1-A28. When
a significant tree-row by alleyway interaction resulted, all five treatments were analyzed
with a one-way treatment structure. Year was included as a repeated measure in the
statistical model analysis of total N, organic N, microbial respiration, as well as
dehydrogenase and phosphatase enzyme assays. Inorganic NO3- and NH4+ concentrations
were transformed with a log function and included year and month as repeated measures.
The analysis was computed using the GLIMMIX procedure in SAS/STAT 13.1 in the
SAS System for Windows software (version 9.4, SAS Institute, Cary, NC).
RESULTS
Trefoil alleyways had the most positive impact on parameters associated with soil
nutrient cycling and retentive processes in comparison to grass and tillage treatments.
Few differences were noted between the straw and living mulch tree-row effects.
Although, in general, soil quality indicators point to greater organic C accumulation and
microbial activity in both tree-row treatments compared to tillage. The main effects of
tree-row, alleyway, and the industry standard tillage on soil organic C, total N are shown
in Table 2-2, and indicators of microbial activity potential and biomass are reported in
Tables 2-3 and 2-4. Significant interactions are shown in figures and in Appendix A.
Mowing and blowing trefoil alleyway biomass into the tree-row supplied an estimated 6
kg biomass and 0.21 kg total N per tree per year over the course of the two growing
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seasons. The high quality trefoil inputs may have contributed to greater increases in soil
organic C and N, N-mineralization, microbial biomass and activity potential as measured
by dehydrogenase and phosphatase enzyme activities compared to grass and tillage
treatments (Table 2-3 and 2-4).
Trefoil treatment estimates were greater than grass and tillage for microbial
biomass (Cmic) (p<0.001, p<0.001) in both years (Fig. 2-1a.), and readily mineralized C
(Cmin) (p<0.009, p<0.001) and basal respiration (BR) (p<0.043, p<0.001) in 2012 (Fig. 21b and 2-1c). The proportion of microbial C to soil organic C (Cmic in Corg %) was greater
in trefoil than tillage in 2011 and 2012 (p<0.040, p<0.001), and higher than grass in 2012
(p<0.001) (Fig. 2-1d.). This suggests a greater proportion of total organic C is in the form
of microbial biomass in trefoil treatments. A trefoil alleyway groundcover combined with
a straw mulch treerow, StTr, was significantly greater than all other treatments, and LmTr
higher than StGr, LmGr, and TiGr for the estimated proportions of microbial biomass C
to readily mineralized C (Cmic: Cmin) (p<0.025) (Fig. 2-2a). This points to larger microbial
growth with greater short term C immobilization potential in the StTr and LmTr
treatments. Further, a significant tree-row by alleyway interaction (p<0.009) indicated a
lower metabolic quotient (qCO2) in StTr, LmTr, and LmGr compared to the StGr and
TiGr treatments (Fig. 2-2b). Like the Cmic: Cmin, a lower qCO2 indicated more C was
retained as microbial biomass in the StTr, LmTr, and LmGr treatments. Higher % Cmic to
Corg, Cmic to Cmin and lower qCO2 microbial quotient estimates suggest trefoil treatments
have increased metabolic efficiency with a larger potential to retain organic matter and
enhance soil nutrient reserves.
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Higher DHA and phosphatase potentials, inorganic N concentrations and
nitrification rates also suggest an increased capacity for organic matter mineralization in
trefoil over grass, and in general, in straw and living mulch treatments compared to
tillage (Table 2-4). The significant tree-row by alleyway (p<0.029) interaction showed
StTr and LmTr had a greater DHA response than LmGr and StGr (Fig. 2-3). The LmGr
treatment was also higher than TiGr (Fig. 2-3). A significant tree-row by year interaction
for both acid and alkaline phosphatase (p<0.044, p<0.009) is shown in Fig. 2-4. Higher
phosphatase activity is associated with soil organic matter content and the mineralization
of organic P. Acid phosphatase did not differ between the straw and living mulch and
tillage treatments in 2011, but both were greater than tillage in 2012. Straw treatments
had greater alkaline phosphatase activity than living mulch (p<0.016) and tillage
(p<0.001) in 2011. In 2012, straw and living mulch were no different, but both were
significantly greater (p<0.038) than tillage. Higher soil NO3--N (p<0.001) indicates
sustained N availability in trefoil compared to grass and tillage treatments (Table 2-4).
Although not found to be statistically significant, trefoil treatments average daily Nmineralization rates were 24% higher (p<0.126) than that of grass alleyway treatments
(data not shown). Soil nitrification rates did not vary between tree-row treatments, but
trefoil rates were higher than grass (p<0.010) and tillage (p<0.030) (Table 2-4). Higher
nitrification rates (Table 2-4) suggest higher mineralization potential in trefoil treatment
soils. Average N-mineralization rates were marginally greater in living mulch compared
to straw (p<0.101) (Table 2-4). This suggests the possibility of greater N immobilization
potential in the straw treatments compared to the living mulch over time. This was
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unsubstantiated by total N concentration (Table 2-2) however, so the effect of straw on N
immobilization may be small. Tillage had the greatest initial concentration of inorganic N
at day 0 (data not shown), but average N-mineralization rates were lower (p<0.041) than
the non-tilled living mulch soils (Table 2-4). An abrupt decrease in inorganic N over the
course of the growing season and lower organic C reserves suggests tilled soils are
susceptible to rapid N loss.
DISCUSSION
Balancing soil nutrient mineralization and immobilization in organic orchards is
critical to building the soil health and fertility needed for fruit production. Trefoil
alleyway treatments demonstrated the greatest potential for balanced nutrient cycling and
retentive processes. This means the trefoil groundcover is likely simultaneously building
and cycling C and N reserves, which may reduce the need for external inputs to meet
orchard tree nutritional needs over time. Soil organic C, total N (Table 2-2), Cmic, Cmic to
Corg, and Cmic to Cmin estimates were distinctly higher and qCO2 lower, in trefoil alleyway
treatments compared to grass and tillage treatments (Table 2-3), indicating greater
microbial efficiency and growth. Higher potential DHA and phosphatase enzyme activity
as well as direct NO3 --N soil concentrations and higher nitrification rates (Table 2-4)
indicate greater soil mineralization potential in trefoil treatments. In addition to the soil
quality indicators reported here, enhancements in nutrient cycling and retention are
further validated by trefoil treatment tree growth. Trefoil trees exceeded the average size
of identical managed tree-rows with grass alleyways after two years, and tillage trees
after three years (Reeve et al. 2013). This growth occurred despite considerable weed
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pressure in both the living mulch and straw treatments. Mullinix and Granatstein (2011)
also found that tree growth was no different between treatments with a grass or legume
alleyway. Other studies have found that tree-row established legume groundcovers
improved soil quality and fertility, but suppressed tree growth (Hoagland et al. 2008;
TerAvest et al. 2010). Our findings provide evidence for enhanced soil health and fertility
as well as greater tree growth with the legume, Birdsfoot trefoil planted in the alleyway.
The estimated 6 kg trefoil of alleyway biomass per tree per year may have
contributed to higher soil organic C and total N reserves, microbial biomass and nutrient
cycling potential in trefoil over grass treatments. The monthly deposition contributed an
estimated 61% and 41% increase in total N inputs compared to other orchard floor
treatments in 2011 and 2012. While these inputs are likely a contributing factor, other
variables may have contributed to the marked responses observed across all soil nutrient
cycling and retention parameters in the trefoil treatments. Mullinix and Granatstein
(2011) observed higher tree-row and alleyway soil NO3--N in alfalfa alleyway treatments.
This experiment did not mow and blow alleyway alfalfa biomass into the tree-row, and
elevated tree-row soil NO3--N was concluded to be the result of lateral subsurface
movement from alleyway groundcover exudates. Our results and those reported by
Mullinix and Granatstein (2011) support the possibility that legume alleyway
groundcovers increase alleyway soil N pools, which may stimulate fruit tree root growth
and expansion into the alleyway.
Other critical nutrients may also have been affected by enhanced nutrient cycling
and retention within trefoil treatments. Phosphatase levels were significantly higher in
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trefoil treatments, which may suggest potential for increased soil solution phosphorus (P).
However, measured Olsen P and K levels were extremely variable and difficult to
interpret (Appendix Fig. A1 and A2). The alkaline soils at the orchard trial site had an
average pH of 8.00 (Table 2-1), which suggests inorganic P would not remain soluble in
the soil solution. Nitrogen fixing legumes acidify soil solution in the root zone and could
potentially increase soluble P in the orchard alleyway (Neumann and Römheld, 2012).
Another explanation for the tree-row soil enrichment, is horizontal redistribution of
nutrients via the extension of lateral roots into the alleyway (Kessler and Breman, 1991).
Tree roots may be colonized by vesicular-arbuscular mycorrhizal fungi that may further
enhance the exchange of nutrients (Atkinson et al., 1983). These possibilities need further
exploration to establish the relationship between the enhanced soil health and fruit tree
growth in orchards with a trefoil alleyway groundcover.
Dependent on the composition, a mixture of substrates from different litter
sources in natural systems have been shown to alter the efficiency by which microbes
utilize C (Bardgett and Shine, 1999; Dahlin et al., 2006). Orchard understory legume
residues combined with different mulches have been shown to increase decomposition
rates and microbial respiration (Goh and Tutua, 2004). We expected the combination of
inputs from a low C to N deposited biomass from the trefoil groundcover and a high C
containing straw mulch in the tree-row and would increase potential for balanced
mineralizing and immobilizing processes. Significantly higher Cmic to Cmin ratios in trefoil
treatments (Fig. 2-2a) and lower qCO2 values in trefoil and living mulch treatments (Fig.
2-2b) suggests greater resource availability for microbial growth when trefoil alleyways
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are combined with high C containing straw mulch and or living mulch in the tree-row.
The increased quantity and quality of inputs provided by trefoil mowing biomass may
have promoted greater and more efficient microbial growth and nutrient turnover in straw
mulched tree-row soils. No other tree-row-alleyway interactions distinguished StTr from
LmTr for other mineralization and immobilization indicators, although greater Nmineralization potential was detected for the main effects of living mulch compared to
straw treatments. That only a few indicators separated living mulch from straw is
somewhat surprising as C to N proportions are likely much higher in straw mulch
compared to fresh plant material in the living mulch vegetation. Soil C and N levels were
no different between straw and living mulch treatments (Table 2-2), which could mean
the surface applied straw did not considerably alter the measured soil biochemical
parameters in comparison to living mulch.
Other orchard studies showed high C containing bark mulches increased soil total
and inorganic N levels, which was thought to be the result of high levels of labile C that
supported microbial biomass and provided a sink for excess soil N (Forge et al., 2003;
Atucha et al., 2011; TerAvest et al., 2011). The contrasting outcome reported here with
other experiments may reflect differences in the C biochemical composition between
wheat straw and bark mulch (Goh and Tutua, 2004; Lejon et al., 2007) or duration of the
different studies. Atucha et al. (2011) did not observe an increase in soil nutrient
availability in the initial few years. After seven years however, higher organic matter
levels, total N and soil nitrate resulted in soils beneath a hardwood bark mulch.
Hardwood bark mulches have C to N ratios higher than 200 and coniferous bark up to
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500 (Gotaas, 1956). Wheat straw mulches have a lower C to N in comparison, which
usually range from 80 to 127. Bark mulches may also have higher proportion of humic
substances than straw mulches (Lejon et al., 2007), which may promote the prolonged
slow release of nitrogen (Brady, 2002). Continued orchard floor soil quality monitoring
may further distinguish the combined effect of straw mulch tree-rows and trefoil
alleyways as SOM levels, nutrient cycling and reserves may change over several years
(Atucha et al., 2011).
Frequent tillage has been shown many times to expedite decomposition and
nutrient cycling due to disruption of soil structure, reduced water holding capacity and
aeration (Dick, 1992). Nearly all microbial indicators were significantly higher among
the factorial treatments compared to tillage (Table 2-3 and 2-4). The tillage treatment was
consistently lower in organic C than trefoil and straw treatments, and was also lower in
total N than trefoil alleyway treatments. Despite receiving equal proportions of compost
and feather meal through the life of the orchard, organic C and N levels increased by only
10% and 14% in tilled soils compared to a 44% and 39% increase in trefoil treatments
from 2008 to 2012. The lower response in tilled soils signifies lower potential for organic
matter accumulation. Greater initial inorganic N levels followed by significantly lower Nmineralization rates after incubation in tillage treatments, suggests early season applied
fertility inputs are prone to rapid turnover and uptake or loss. Tilled tree-rows reduce
competition between tree roots and ground vegetation (Merwin and Stiles, 1994).
However, in agreement with other studies, our data suggests tillage is having a
degradative impact on the soil (Cambardella and Elliott, 1992; Cookson et al., 2008).
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By the third year (2011), tilled treatment tree growth had slowed and was matched by
trees grown with trefoil. This indicates any advantage initially afforded tilled trees due to
reduced competition, comes with a reduction in soil quality and fertility, and eventually
tree growth.
Our findings suggest trefoil alleyway groundcovers offer a promising alternative
to standard tillage practice. Evidence for balanced nutrient cycling and retention and the
corresponding tree growth described in Reeve et al. (2013) in response to trefoil
alleyways is an encouraging development in the search for suitable organic orchard floor
management approaches for Utah and the Intermountain West. More research is needed
to identify the mechanisms of enhanced tree growth in response to an alleyway
established trefoil groundcover, which may include tree root expansion into the alleyway
and uptake of legume-enriched soil nutrient pools. Potential drawbacks to the use of
trefoil alleyway groundcovers also need to be quantified. Sporadic legume groundcover
N release may lead to delayed dormancy, excessive vigor and reduced fruit quality
(Reeve et al., 2013). More research may determine if excess growth may be circumvented
by reducing other fertility inputs, like compost, over time. Increased populations of fruit
damaging insects (Sirrine et al., 2008; Alston et al., 2010) and rodents (Wiman et al.,
2009) are other possible tradeoffs currently being studied. Some evidence suggests trefoil
may have increased water use demands in comparison to grass alleyways (Rowley et al.,
2011). This could be problematic in the semi-arid Intermountain West, where water
supplies are projected to dwindle (McInerney and Alvord, 2007). Every orchard floor
management option has potential advantages and drawbacks pertaining to orchard system
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health, productivity and profitability. These aspects need to be adequately assessed before
Birdsfoot trefoil alleyway groundcovers receive a full endorsement for use in commercial
orchards in Utah and the Intermountain West region.
CONCLUSION
The objective of this study was to determine how different assemblages of organic
inputs supplied by mulches and groundcovers promote soil quality indicators associated
with a balance of mineralizing and immobilizing soil nutrient cycling processes. This trial
was unique from other orchard soil quality experiments because few studies have
explored the impacts of leguminous alleyway groundcovers on tree-row soil quality
parameters and none have been specific to the alkaline, low organic matter soils (~1.9%)
found in the state of Utah and the Intermountain West. Determining how soil quality
indicators respond to orchard floor management may assist in the selection of suitable
practices for improved soil health and fertility. The indicators tested here suggest an
alleyway groundcover composed of Birdsfoot Trefoil enhanced soil processes related to
nutrient immobilization and mineralization to a greater extent than orchard floors with a
turf grass alleyway or the industry standard, tillage. Incorporating trefoil alleyways may
decrease soil degradation and nutrient losses and build long-term soil fertility, which may
eventually allow for a reduction of external fertility inputs without compromise to target
fruit tree growth and productivity.
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TABLES
Table 2-1 Initial soil properties 0-30 cm of Kidman Sandy loam at Kaysville UT,
prior to orchard establishment in 2008.
Parameter
Soil series
Texture, %
Sand
Silt
Clay
pH
EC, dS m-1
Organic C, g kg-1
Total N, g kg-1

Kidman sandy
loam
37
45
18
8.00
0.12
11.1
1.16
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Table 2-2. Average soil organic C (Corg), total N in each year for the main effects of treerow, alleyway and the industry standard, tillage.
Organic C
Total N
(Corg)
g kg-1 soil
Year
2011
2012
Tree-row
Straw
Living mulch
Alleyway
Grass
Trefoil
Industry Standard
Tillage

13.8
14.3

1.40
1.49

14.8a†
14.1ab

1.44
1.51

12.9B‡
16.0A

1.34B
1.61A

12.3Bb
1.32B
ANOVA
alleyway*treerow
NS§
NS
alleyway*year
NS
NS
treerow*year
NS
0.036
† Within columns, tree-row and tillage means followed by the same lower case letter are
not significantly different according to LSD (0.05).
‡Within columns, alleyway and tillage means followed by the same upper case letter are
not significantly different according to LSD (0.05).
§ NS, nonsignificant.
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Table 2-3. Average readily mineralized C (Cmin), microbial basal respiration (BR),
microbial biomass (Cmic), proportion of Cmic to Cmin, % Cmic in Corg and metabolic
quotients (QCO2) in each year, and the main effects of tree-row, alleyway, and the
industry standard, tillage.

Year
2011
2012
Tree-row
Straw
Living mulch
Alleyway
Grass
Trefoil
Industry Standard
Tillage

(Cmin)

(BR)

(Cmic)

μg CO2C
g-1 soil

μg CO2C g-1 soil
hr-1

μg CO2-C
g-1 soil

15.3
17.8**

0.968
2.11***

273b
571a

Cmic to
Cmin

Cmic in
Corg
%

18.1b
31.9a

1.88b
3.92a

0.004
0.004

2.75a
3.04a

0.004b
0.003c

16.0ab†
17.0a

1.52
1.56

409a
434a

25.1a
24.9a

15.6B‡
17.5A

1.31
1.76

322B
526A

21.0B
29.5A

14.5Bb

1.31

2.49B
3.30A

qCO2

0.004B
0.003C

246Cb
17.7Cb 1.99Cb 0.005Aa
ANOVA
alleyway*treerow
NS§
NS
NS
0.025
NS
0.006
alleyway*year
0.009
0.043
0.001
NS
0.001
0.056
tree-row*year
NS
NS
NS
NS
NS
0.038
*Significant at the 0.05 probability level, ** Significant at the 0.005 probability level,
*** Significant at the 0.001 probability level.
† Within columns, tree-row and tillage means followed by the same lower case letter are
not significantly different according to LSD (0.05).
‡Within columns, alleyway and tillage means followed by the same upper case letter are
not significantly different according to LSD (0.05).
§ NS, nonsignificant.
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Table 2-4. Soil dehydrogenase, alkaline and acid phosphatase, nitrate N, nitrogen
mineralization (N min.) and nitrification potential in each year, and the main effects of
tree-row, alleyway and the industry standard, tillage.
Dehydrogenase

Phosphatase

Alkaline
μg TPF
g soil hr -1

Year
2011
2012
Tree-row
Straw
Living mulch
Alleyway
Grass
Trefoil
Industry Standard
Tillage

Nitrate
N

N min. Nitrification
potential potential

Acid

μg p-nitrophenol
g-1 soil

μg NO3-1
g-1 soil

μg NH4+- μg NO2--N
N + NO3- + NO3--N g1 -N g-1
1 soil hr-1
soil day-1

5.47
5.65

117
141**

188
364 ***

3.44
1.15

-

-

5.78b†
6.17a

141a
133a

296a
290a

2.09ab
2.44a

0.300b
0.527a

0.256
0.377

4.82B‡
7.13A

109B
165A

240B
347A

1.26B
3.31A

0.357
0.470

0.208B
0.425A

3.90Cc

97.5Bb

208Bb
2.34Bb 0.288b
0.224B
ANOVA
alleyway*tree-row
0.029
NS
NS
NS
NS
NS
alleyway*year
NS§
NS
NS
NS
tree-row*year
NS
0.009
0.044
0.041
** Significant at the 0.005 probability level, *** Significant at the 0.001 probability level.
† Within columns, tree-row effects and tillage means followed by the same lower case
letter are not significantly different according to LSD (0.05).
‡Within columns, alleyway effects and tillage means followed by the same upper case
letter are not significantly different according to LSD (0.05).
§ NS, nonsignificant.
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Fig. 2-1. Significant alleyway by year interaction compared with the industry standard,
tillage a) microbial biomass b) readily mineralized C, c) basal respiration and d) %
microbial biomass in organic C. Treatments with the same upper case letters within year
are not significantly different according to LSD (0.05).
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Fig. 2-2. A significant tree-row by alleyway interaction for a) C microbial ÷ C
mineralized and b) QCO2 was further analyzed as a one-way treatment structure for straw
with grass (StGr), straw with trefoil (StTr), living mulch with grass (LmGr), living mulch
with trefoil (LmTr) and tillage with grass (TiGr). Treatments with the same upper case
letters are not significantly different according to LSD (0.05).
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TPF g-1 soil) was further analyzed as a one-way treatment structure for straw with grass
(StGr), straw with trefoil (StTr), living mulch with grass (LmGr), living mulch with
trefoil (LmTr) and tillage with grass (TiGr). Treatments with the same upper case letters
are not significantly different according to LSD (0.05).
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significant difference at the p <0.05 level.
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CHAPTER III
ORCHARD FLOOR MANAGEMENT IMPACTS ON FRUIT-TREE ROOT
DISTRIBUTION AND FRUIT-TREE LEAF 𝜹15N NATURAL ABUNDANCE2
ABSTRACT. Competition

between tree roots and orchard floor vegetation can

reduce tree growth and productivity in organic orchards. Commercial orchards commonly
use turf grass alleyways for ease of maintenance, although their dense root systems
restrict tree roots further increasing resource competition. Legume groundcover
alleyways may provide a source of additional nitrogen (N) and promote increased fruittree root density and distribution. Fruit-tree root growth patterns can indicate what effect
orchard floor management has on tree resource uptake and the capacity for growth and
longevity. Natural 15N abundance (𝜹15N) has been used to infer the effect of legumes on
nitrogen (N) cycle processes in plants and soils. This study measured root biomass (g cm3

), diameter (mm) and root length density (cm cm-3) of peach (Prunus persica (L.)

Batsch) fruit-tree roots, and tree leaf percent N and 𝜹15N natural abundance in response to
different organic orchard floor management approaches. Two tree-row treatments: ‘straw
mulch’ (Triticum aestivum L.) and ‘living mulch’ (Lobularia maritima (L.) Desv.) were
tested in combination with two alleyway groundcovers: ‘grass’ (Festuca rubra L. with
Lolium perenne L.) and a legume, ‘Birdsfoot trefoil’ (Lotus corniculatus L.). The novel
systems were compared with industry standards, tillage and weed fabric tree-rows with

2

C.M. Culumber, J.R. Reeve, B.L. Black, C.V. Ransom, D.G. Alston, D.T. Drost
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grass alleyways. Fruit-trees with trefoil were found to have significantly (p<0.011) higher
root biomass (0.215 ± 0.025 g cm-3) and average root diameter (0.442 ± 0.018 mm) (p<
0.005) than those with a grass alleyway (0.131 ± 0.017 g cm-3 and 0.370 ± 0.013 mm).
Tree-leaf N did not differ, but 𝜹15N isotopic natural abundance was significantly lower in
trefoil trees compared to those with grass, indicating uptake of legume sources of N.
Straw or living mulch treatments had similar overall root biomass, but straw fruit-tree
roots were significantly larger (p<0.005) in diameter (0.440 ± 0.017 mm), and living
mulch treatments had the greatest (p<0.048) root-length density (0.191 ± 0.016 cm cm-3).
Tillage and weed fabric controls generally had less root biomass and smaller root length
density than other management combinations, and smaller average root diameter than the
straw and trefoil treatments. A positive correlation between root biomass, diameter and
trunk cross-sectional area (TCSA), suggests the trefoil alleyway is having a more
beneficial effect on tree growth compared to treatments with a grass alleyway.

Introduction
Fruit-tree roots play a critical role in providing support, as well as uptake of water
and mineral nutrients. In organic orchard systems in particular, tree-root growth can be
affected by competition with weeds, orchard groundcovers or the roots of other fruit trees
(Johnson et al., 1992; Reighard and Newhall, 1993; Tworkoski and Glenn, 2001; Yao et
al., 2009; Black et al., 2010). Turf grass groundcover alleyways are usually established
despite evidence that they restrict tree root growth to inter-row spaces (Glenn and
Welker, 1991; Black et al., 2010). In order to reduce water and nutrient resource
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limitations in the tree-row, some organic orchard growers maintain a bare soil tree-row
strip with tillage or weed fabric. Tillage allows young trees to establish without
competitive pressure from weedy vegetation, but prolonged tillage is associated with the
disruption of tree surface roots and soil degradation (Cockroft and Wallbrink, 1966;
Ruiz-Sanchez et al., 2005). Weed fabric effectively controls weeds, reduces soil moisture
evaporation and may promote tree growth (Mage, 1982; Neilsen et al., 2003; Yin et al.,
2007, 2011). However, weed fabric mulch is costly, and has been shown to elevate soil
surface temperatures as much as 10˚C (Neilsen et al., 1986). Fabric can provide habitat
for voles (Microtus sp.) or other rodents if not pulled back in the winter months, which
could lead to fruit-tree trunk girdling. Questions about the long-term impacts of these
management practices on tree and soil health has motivated researchers to identify more
sustainable methods of orchard floor management (Sanchez et al., 2003).
When combined with a turf grass alleyway, living and non-living mulch tree-row
management approaches have been shown to improve soil quality characteristics, but
success at maintaining adequate weed control and tree growth has been marginal
(Merwin and Stiles, 1994; Sanchez et al., 2003; Yao et al., 2009; TerAvest et al. 2010).
Legume alleyway groundcovers are a promising alternative to tree-root constricting turf
grasses. Legumes are tap-rooted with a less dense root mass, which may allow tree roots
to expand beyond the tree-row interspaces and support greater aerial tree growth.
Mullinix and Granatstein (2011) observed similar tree growth and distinctly higher leaf
chlorophyll in apple trees grown with an alfalfa (Medicago sp.) alleyway compared to
grass. In a second study, tree growth was the same, but leaf mineral N and apple yields
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were higher in trees with an annually sown clover (Trifolium sp.) and vetch (Vicia sp.)
cover crop in the alleyways compared to those with a fescue (Festuca sp.) alleyway
(Sánchez et al. 2007). Reeve et al. (2013) showed that tree growth increased when trefoil
(Lotus sp.) legumes were grown in the alleyway relative to grass (Festuca sp. and Lolium
sp.) alleyways despite considerable tree-row weed pressure. It remains unclear whether
enhanced tree growth in these studies resulted from tree root expansion or increased soil
N availability from the legume groundcover. Legumes have been shown to improve soil
quality and enhance N uptake in other perennial crops like raspberries (Ovalle et al.
2008) and grape vines (Ovalle et al. 2010). Although, the connection between legume
groundcover N sources and fruit tree uptake has not been conclusively established (Marsh
et al. 1996; Mullinix and Granatstein, 2011; TerAvest et al. 2011).
The natural abundance of N isotopes has been used to infer N sources used by
plants in numerous studies (Erskine et al., 1998; Ellert and Janzen, 2006; Watzka et al.,
2006; Kriszan et al., 2009; Yun et al., 2011). Natural abundance refers to the small but
stable absolute deviations (-15 to 20‰) in isotopic 15N (relative to atmospheric 15N as a
standard) expressed in per mil (𝜹15N) units. Natural abundance measures are useful in
instances where there are verifiable differences in 𝜹15N composition among potential N
sources (Watzka et al 2006). In agricultural crops, variations in crop 𝜹15N have been
attributed to different fertilization inputs and management techniques that influence soil
biological processes. Field crops grown with compost have significantly higher 𝜹15N
enrichment in roots, shoots, and grains compared to those grown with a legume (Hairy
vetch) cover crop (Yun et al., 2011) or mineral fertilizers (Wassenaar, 1995). To our
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knowledge, no previous study has used natural abundance to infer whether fruit trees with
legume groundcovers are accessing legume derived soil N pools.
The goal of this study was to determine if legumes grown in the alleyway reduced
competition with tree-row vegetation and enhanced N uptake. We compared the effects
of grass vs. trefoil alleyways with straw and living mulch tree-rows and tillage and fabric
mulch on 1) tree root density and distribution, 2) tree-leaf N content, and 3) tree leaf 𝜹15N
natural abundance. We hypothesized that trefoil alleyways would increase tree-root
distribution and N uptake relative to grass alleyways and the industry standard tillage. We
anticipated that an increase in N uptake would be substantiated by lower tree leaf 𝜹15N
levels in trefoil treatments. We also expected that the reduced vegetation pressure in
straw mulch and weed fabric treatments would cause greater root-density in the shallow
surface soil layer than the living mulch. Lastly, we expected deeper root proliferation
would result in the tillage treatment in response to shallow soil surface layer disturbance.

Materials and Methods
SITE DESCRIPTION.

The Organic Stone-Fruit Production Research project was

initiated in 2008 at the Agricultural Experimental Station in Kaysville, Utah
(41°01'17.2"N 111°55'43.4"W) to develop a long-term research site that characterizes the
benefits and tradeoffs of organic orchard floor management strategies in the context of a
whole system (Reeve et al. 2013). The site location is classified as a Kidman fine-sandy
loam, with well drained, high pH soils (https://soilseries.sc.egov.usda.gov), receiving an
average 330 mm of annual precipitation, most of which comes in the form of mountain
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snowpack (McInerney and Alvord, 2007). The certified organic peach (Prunus persica
(L.) Batsch) orchard consists of four replicates of six orchard floor treatments in an
incomplete block design: 1) straw mulch (either wheat (Triticum aestivum L.) or barley
(Hordeum vulgare L.)) with grass alleyway (Festuca rubra L. and Lolium perenne L.)
(StGr), 2) straw mulch with the legume Birdsfoot Trefoil (Lotus corniculatus L.)
alleyway (StTr), 3) living mulch (Alyssum, Lobularia maritima (L.) Desv.) tree-row with
grass alleyway (LmGr), 4) living mulch tree-row with trefoil alleyway (LmTr), 5) tillage
with grass alleyway (TiGr) and 6) weed fabric tree-row with a grass alleyway. Straw was
applied to the straw mulch tree-row treatments annually (one 0.1 m3 bale per 5 trees or 1
T/ha). The living mulch tree-rows were originally planted with shallow rooted alyssum,
with the objective of establishing a cover crop that would reseed itself annually with
minimal maintenance requirements. The living mulch and straw mulch tree-rows were
managed with a sandwich tillage system (Hoagland et al., 2008), which consists of a
narrow 0.3 m tilled strip maintained between the tree-row and alleyway. Fertilizers were
applied to the tillage strip and incorporated to increase infiltration and reduce competition
between trees and groundcovers. Fertilizers were broadcast across the tree-row in the
tillage and weed fabric treatments. We observed early on in the study that voles
(Microtus sp.) or other fruit-tree trunk girdling rodents would inhabit the space
underneath the weed fabric during the winter. To address this issue, weed fabric was
pulled back away from the base of tree-trunks in the fall, then set back in place for the
duration of the growing season after a one-time application of compost and feather meal
amendments in the spring. Each plot received 17 g N from chicken manure in early 2008
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and bovine paunch manure compost was applied supplying 24, 32, 51, and 31 g total N
per tree in 2009, 2010, 2011, and 2012 respectively, assuming available N was between
20 to 30%. An organically approved feather meal product (NatureSafe, 13-0-0) was also
applied in late May of 2011 and 2012, which supplied an approximate 63 and 137 g of
additional N to each tree. The tillage treatment was cultivated to a 10 cm depth across the
tree-row roughly once per month with a 2-cycle tiller (Mantis, Southampton, PA). The
orchard was irrigated weekly with the amount of water needed to replace soil moisture
loss to a depth of 50 cm, as determined on a per plot basis with a capacitance probe
(Diviner 2000, Sentek Pty Ltd., Stepney, South Australia). Living mulches and weeds in
orchard alleyways were mowed monthly. The plant biomass from the trefoil alleyway
treatments was blown into the tree-row and allowed to remain on the surface. Each
replicate consisted of 15 trees arranged in 3 rows of 5 trees spaced 2.44 m in-row by 4.88
m between rows. To avoid boundary affects from adjacent treatments, data were collected
from the three centermost trees in the plot.
ORCHARD TREE-ROOT CORE SAMPLING.

To compare the impact of different

orchard floor alleyway and tree-row management practices on root growth and
distribution, four 7.5 cm diameter soil cores were extracted to a 75 cm depth from each
treatment in April 2012, with a tractor mounted soil probe. All four extracted cores were
an equidistant 1 m from the base of one tree per plot. Cores were either perpendicular to
the tree-row at a 90° ‘A’, on a 60° ‘B’, 30° ‘C’ degree angle, or parallel with the tree-row
at 180° ‘D’ (Fig. 3-1). Core ‘A’ was located in the alleyway, ‘B’ was at the interface of
the alleyway and treerow (TiGr and FaGr) or in the tillage strip (StGr, StTr, LmGr, and
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LmTr), while core ‘C’ and ‘D’ were within the tree-row. Each 75 cm core was separated
into five sections (0-15 cm, 15-30 cm, 30-45 cm, 45-60 cm, 60-75 cm) and coarse and
fine tree roots were extracted from each core by hand in the field, then stored in plastic
bags. Fresh and dry root weights were calculated for each core section. Root biomass
(sum of all root size classes) was calculated based on the dry weight of roots collected
from each 695 cm3 soil core volume (Poorter et al., 2012). The average root length and
diameter for each core was calculated using WinRhizo software using the Regent’s
unique method (Pouler, 1995) and Tennant’s statistical method (Tennant, 1975) (Regent
Instruments, Canada). Average root length density (RLD) for diameter size classes (0.1 to
1.0 mm) was calculated by dividing the total root length over the 695 cm3 soil core
volume. Root distribution contour diagrams were constructed to illustrate treatment by
core location interactions using Surfer 7 (Golden Software Inc.;
www.goldensoftware.com). Trunk cross-sectional area (TCSA) was determined in late
fall of 2011 and 2012 based on the diameter (cm2) of each tree trunk 25 cm above the soil
surface (Reeve et al. 2013) to infer differences in tree size and growth. Tree growth
(ΔTCSA) was determined as the % change in tree size between 2011 and 2012
(Culumber et al., Chapter IV).
TREE LEAF NITROGEN AND NATURAL ABUNDANCE 𝜹15N.

Tree leaf N

concentrations were determined for all treatments from leaves collected in June from
2010 to 2012. Approximately 15 leaves were collected from each of the three centermost
trees in each plot, dried at 65° C for 72 hours, then ground to < 0.2 um with a UDY mill
(UDY corp, Fort Collins, CO.). Total N was determined for dried ground tree leaves by
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combustion with a total N analyzer (PrimacsSNC, Skalar Inc., Buford, GA). The natural
abundance 𝜹15N per mil (‰, parts per thousand) relative to 𝜹15N in air, was determined
for 2010 collected peach tree leaves, the organic orchard inputs including compost, straw,
and feather meal, and the bulk tree-row soil (0-10 cm) at the SIRFER lab (University of
Utah, Salt Lake City, Utah). One µg of dried and ground leaves from each treatment
block, was weighed into tin capsules, then combusted using an elemental analyzer to
determine 𝜹15N abundance. 𝜹15N is expressed as δ15N relative to 15N air standards:
δ15N (‰) = [(Rsample ∕ Rstandard)-1] *1000‰. Where Rsample is the ratio of the 15N/ 14N
abundance in sample expressed as ‰, per mil, and Rstandard = 15Nair = approximately
0.00368 ‰ (Mariotti, 1984).
STATISTICAL ANALYSES. The effects of alleyway (grass or trefoil), tree-row
(straw and living mulch) and their interaction were estimated using a general linear
mixed model with a two-way treatment structure. Contrast statements were used to
compare the mean responses of tree-row and alleyway factors to tillage and weed fabric
treatments. When a significant tree-row by alleyway interaction resulted, the six
treatments were assessed with a general linear mixed model with one-way treatment
structure. Statistical analysis of tree-root biomass (g cm-3), diameter (mm), and average
RLD included core and depth as repeated measures. Tree-root parameters were
transformed with a square root function to meet assumptions for the statistical model.
Relationships between different tree-root parameters, tree size (TCSA) and tree growth
(% change in TCSA from 2011 and 2012), and tree leaf N were established with a
Pearson’s correlation coefficient. The analysis was computed using the GLIMMIX
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procedure in SAS/STAT 13.1 in the SAS System for Windows software (version 9.4,
SAS Institute, Cary, NC).
Because the 𝜹15N of soil and fruit-tree leaves is the product of various unknown N
sources subjected to isotopic fractionation (Choi et al., 2003), we performed a simple ttest using pooled variances to compare the effects of two independent variables on soil
and tree leaf 𝜹15N. The independent variables were grass and trefoil with identical treerows (either straw or living mulch), or straw and living mulch with the same alleyway
(grass or trefoil).
Results
FRUIT TREE-ROOT DENSITY AND DISTRIBUTION. Orchard floor tree-row and
alleyway factors had different effects on tree-root biomass (g cm-3), diameter (mm), and
RLD (cm cm-3) responses. Table 3-1 provides a summary for analysis of variance (Pr> F)
indicating the source effects for differences in tree root parameters. Significant
interactions are shown in figures. Comparisons between the main effects of alleyway and
treerow and contrasts to tillage and weed fabric treatments are shown in Appendix Tables
B1-B6. Average values for tree-root factors in the four soil core locations at four 15 cm
depth intervals from 0-60 cm are reported in Table 3-2. Root biomass and diameter
differed by core location, and decreased equally with depth regardless of the orchard
floor treatment (Table 3-2). Overall root biomass was most concentrated in tree-row core
C, and the largest diameter roots were found in cores C and D.
Trefoil treatments had significantly higher tree-root biomass (p<0.011) and
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diameter (p<0.005) in than grass treatments averaged across all cores. Alleyway by core
interactions were not significant for either parameter, but patterns suggest trees grown
with trefoil had higher root biomass than grass across all sampling locations (Fig. 3-2).
Trefoil was significantly higher than tillage and weed fabric in tree-root biomass, average
root diameter, and root length density (Table 3-2). Grass alleyway treatments did not
differ from tillage and weed fabric for root biomass and diameter. The main effects of
straw and living mulch had significantly higher root biomass than tillage (p<0.008) and
weed fabric (p<0.03) (Table 3-2). Straw mulched trees had the greatest root diameter
(mm) in the tree-row, compared to living mulch (p<0.005), tillage (p<0.014) and weed
fabric (p<0.018) (Table 3-2). A greater density of larger diameter roots may be the result
of the soil moisture and temperature insulating characteristics of straw mulch. In contrast,
a significant treerow by core interaction indicated the main effects of living mulch root
length density (RLD) was significantly higher (p<0.008) compared to weed fabric in core
A, and straw, tillage and fabric in core B (Fig. 3-3). Living mulch treatment trees had
significantly higher RLD than straw, tillage and weed fabric for multiple size ranges of
fine roots (< 0.50 mm) (Appendix B7). The resulting increase in fruit tree RLD may
indicate enhanced fine-root growth towards the alleyway in response to resource
competition with living mulch vegetation in the tree-row.
FRUIT-TREE LEAF N AND NATURAL ABUNDANCE 𝜹15N. There was a significant
alleyway by year interaction (p<0.007) for tree leaf N content, although no pattern
conclusively distinguished tree leaf N concentrations in response to a specific treatment.
Trees with a trefoil alleyway had higher leaf N than grass in 2010, but did not differ from
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trees with a grass alleyway in 2011 and 2012 (Table 3-3). Foliar N levels were generally
adequate (above 2.5%) except for trees with grass (2.08%) and fabric (2.24%) in 2010.
Fruit trees with living mulch tree-rows had significantly higher (p<0.013) tree leaf N than
trees with straw mulch, tillage and weed fabric (Table 3-3). Higher tree leaf N could be a
response to the greater average RLD in the living mulch treatments.
The 𝜹15N signature of compost, feather meal and straw orchard inputs is described
in Table 3-4. The straw source input had a notably less enriched 𝜹15N (-0.71 ‰) signature
than compost (15.6 ‰) and feather meal (4.8 ‰) additions (Table 3-4). Despite the
varied enrichment patterns of the inputs, the bulk tree-row soil 𝜹15N did not change
between grass and trefoil orchard treatments with either straw or living mulch. The 𝜹15N
of fruit tree leaves (Appendix B8) collected in 2010 was significantly lower in trefoil
treatments (Appendix B9), compared to grass when either a living mulch or straw mulch
was applied to the tree-row (Fig. 3-4a and b). Straw mulched tree-rows with a trefoil
alleyway were on average 2.8 ‰ (± 0.695) less enriched (p<0.021) than straw with grass.
Living mulch tree-rows with trefoil were on average 1.5 ‰ less enriched (p<0.024) than
living mulch with grass. Living mulch with grass tree leaf 𝜹15N was also 3.0 ‰ lower on
average than trees with straw and grass (p<0.043). The lower tree leaf enrichment in both
trefoil treatments, may point to greater N assimilation from legume sources, as is
supported by fruit tree leaf total N levels for 2010 (Table 3-3). Higher leaf enrichment
levels in straw and grass treatments could potentially be explained by a low supply of soil
inorganic N or denitrification fractionating processes under straw.
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Discussion
Few studies have tried to determine if different alleyway groundcovers impact
tree-root morphology and promote growth outside the confines of the tree-row. We tested
different combinations of tree-row mulches and alleyway groundcovers to determine their
potential impact on orchard tree-root distribution and tree leaf N in comparison to the
industry standards tillage and weed fabric with a turf grass alleyway. Trees grown with
trefoil alleyways had a higher root biomass and diameter than grass treatments. Leaf 𝜹15N
natural abundance was significantly lower among fruit trees with a trefoil alleyway
compared to those with grass, which suggests tree roots were access N pools provided by
the alleyway trefoil groundcover. Increased available N may be derived from either
mineralized legume residues (from orchard mowing), or rhizodeposition of N exudates
from living legume roots. Evidence for the direct transfer of N from legumes roots and
neighboring plants via mycorrhizal hyphae has been reported elsewhere (Haystead et al.
1988; Xiao et al. 2004), and is another possible explanation for enhanced tree N access
that needs further study.
Greater root biomass and average diameter suggests trees with trefoil alleyways
produce more roots of larger size than those grown with a grass alleyway. Root biomass
and diameter averaged across all in-row and alleyway cores was greater in trefoil
compared to grass (Table 3-2). This suggests trefoil treatment tree root growth is not
restricted to the in-row as shown in other studies looking at the impacts of a turf grass
alleyway on fruit tree root distribution (Glenn and Welker, 1991; Black et al. 2010).
Larger diameter roots provide more functions including nutrient storage, transport and
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lateral root production (Eissenstat et al., 2000). Larger diameter roots have been
associated with over wintering root survival in apples (Yao, et al. 2009). Many studies
have also found a consistent relationship between root biomass and trunk size for a
number of different tree species (Kira and Shidei, 1967; Bartelink, 1998; Le Goff and
Ottorini, 2001; Poorter et al., 2012).
Fruit tree size was greatest in trefoil, tillage and weed fabric treatments in
comparison to grass (Reeve et al. 2013). Positive correlations resulted between (TCSA)
and root diameter (r = 0.511, p<0.011), as well as root biomass (g cm-3) (r = 0.428,
p<0.037) in 2011. Root diameter (mm) was also positively associated with TCSA
(r = 0.416, p<0.043) in 2012. These correlations suggest greater root biomass and root
diameter may be a contributing factor to increased size in trees grown with trefoil.
However, in 2012 trefoil treatment tree growth (ΔTCSA) was significantly lower than
trees grown with grass alleyways and weed fabric (Culumber et al. Chapter IV). Grass
and weed fabric treatments also had lower root biomass and root size, which explains a
negative relationship between root biomass (r = -0.419, p< 0.042) and ΔTCSA, and
between root diameter (r = -0.455, p<0.025) and ΔTCSA parameters. Despite greater tree
growth rate in 2012, grass treatments remained statistically smaller than trefoil and weed
fabric treatments, and weed fabric were similar to trefoil treatments. An inconsistent
relationship between root biomass and diameter and the % change within a single year
(ΔTCSA), suggests fruit trees incorporated different growth strategies in response to the
availability of resources, with various outcomes in resulting tree size (TCSA) over time.
Tree-leaf 𝜹15N isotopic signatures were distinctly lower in trefoil compared to
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grass alleyway treatments (Fig. 3-4a and b). This indicates fruit trees may have had
access to different N sources despite receiving comparable amounts of enriched compost
and feather meal fertilizers (Table 3-4). Still, no 𝜹15N differences were detected in the
soils collected from the tree-row and the different alleyway soils were not sampled to
quantify 𝜹15N enrichment. A lack of change in the bulk soil is not surprising as the 𝜹15N
of soil total N is very stable and not likely to change with only a few years of contrasting
soil management (Hogberg, 1997). The contributions of different N pools to plant N
uptake, and the amount of N derived from the transfer of fixed N to non-fixing plant
neighbors cannot be conclusively determined due to limitations of the natural abundance
method (Hogberg, 1997). Qualitative evidence for the effect N-fixing legumes have on
neighboring plant 𝜹15N must be interpreted keeping in mind that the 𝜹15N of the sink
(field crop) reflects the N sources, but also any isotopic fractionation that results from N
transforming processes that discriminate against 𝜹15N forms of inorganic N (Choi, 2003).
If isotopically distinct soil N pools influenced lower tree leaf enrichment in trefoil
compared to grass treatments, the sources could be from either the trefoil groundcover
roots or mineralized legume residues from alleyway mowing biomass deposition.
Mowing and blowing trefoil alleyway biomass into the tree-row supplied an estimated 6
kg biomass and 0.21 kg total N per tree per year over the course of the two growing
seasons. The high quality trefoil inputs may have contributed to greater increases in soil
organic C and N and N-mineralization (Culumber et al. Chapter II). However, when
considering the unique tree root growth patterns in response trefoil alleyways (Fig 3-2), it
seems reasonable that lower tree-leaf 𝜹15N enrichment may also be the result of alleyway
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tree roots accessing N from trefoil roots. Further analysis of the 𝜹15N levels of roots
sampled in the alleyway and tree-row cores may help in determining if fruit trees are
directly accessing N sources from trefoil roots in the alleyway or mineralized trefoil
residues in-row, where tree roots were found to be most concentrated. Our assessment of
soil and tree 𝜹15N isotopic signatures was based on a single sampling event. A more
detailed and continuous assessment of temporal changes in 𝜹15N tree components and the
biologically active soil N pools of both the tree-row and the alleyway, may better
establish the relationship between orchard legume alleyways and nutrient uptake
responses in fruit trees.
Both industry standard tree-row management practices, tillage and weed fabric,
resulted in lower root biomass and diameter than trefoil and straw treatments (Table 3-2).
Root length density was also lower in tillage and weed fabric treatments in comparison to
living-mulch in core B and weed fabric less than living-mulch in core A (Fig. 3-4). This
contrasts with other orchard studies that found greater root counts in approaches that
reduced tree-row vegetation (Parker et al, 1993; Parker and Meyer, 1996; Yao et al.
2009). We expected to see larger diameter roots concentrating in the tree-row in response
to reduced weed competition under weed fabric. However, our results did not support this
assumption. It could be that a reduction in competition, with sufficient nutrients and
moisture has resulted in a reduced fruit tree root to shoot ratio under weed fabric (Harris,
1992). Fewer roots were expected in shallow depth of the tillage treatment, as the treerow soils and shallow tree roots are frequently disturbed with cultivation. Despite
reduced root growth in comparison to some other treatments, tillage had similar tree leaf
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N to trefoil and straw (Table 3-3) and both tillage and weed fabric treatments had
significantly greater trunk growth in the first two years of tree establishment compared to
other orchard floor management approaches (Reeve et al. 2013). However, by 2012 trees
with tilled tree-rows were no larger than those with trefoil alleyways. It may be that early
on in establishment, fruit-trees benefit from practices that limit weed competition in the
tree-row, but over time the repeated disruption of fruit-tree roots stunts continued tree
growth. The impact of reduced root density and distribution on mature trees longevity
and fruit productivity needs further study.
Previous research has found straw and bark-mulch tree-rows yielded higher fruittree root counts in comparison to living mulches and bare ground (Merwin and Stiles,
1994; Yao et al., 2009). We found no difference in root biomass between straw and living
mulch, but straw treatments had the greatest average root diameter (Table 3-2), and living
mulch the highest RLD in cores A and B (Fig. 3-4). Larger diameter roots under straw
mulch could be a response to reduced weed pressure and insulation from moisture
evaporation and rapid temperature fluctuations. The insulating buffer provided by straw
may reduce fine-root mortality, allowing more roots to survive and attain greater size.
Enhanced fine-root production has been reported to be stimulated by factors such as
water deficit, even when supplemental irrigation is provided (Johnson et al., 1992; Yao et
al., 2009). Greater fruit tree RLD in the alleyway and tilled strip in the living mulch
treatments (Fig 3-4), may be a response to competition with living mulches in the treerow during a portion of the growing season. Fine-root production has been negatively
correlated with fruit-tree vigor elsewhere (Basile et al., 2007), but in our study the
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negative correlation between TCSA and RLD was not significant (assuming a
relationship between TCSA and growth rate in the year of sampling). Trees with living
mulch and grass alleyway were among the smallest in the orchard trial however (Reeve et
al. 2013). The increased RLD in the living mulch treatments and reduced overall biomass
and diameter observed in the grass alleyway treatments, appears to show combining these
approaches is detrimental to fruit tree growth during establishment.
The fruit-tree roots described in this study were characterized by a mixture of fine
roots that ranged from 0.11 to 3.59 mm in diameter, but the average diameter (0.41 mm)
indicates the majority of roots observed in this study fall in the fine root category. Fine
roots are characterized as those smaller than 1 mm diameter (Thomas, 2014). Fine-root
growth primarily occurs in the spring and fall, decreasing significantly when fruit trees
begin to crop (Glenn and Welker, 1993; Mimoun and DeJong, 2005). Our samples were
collected in the spring which may have provided a better snap shot of fine root
production. Continuous root growth monitoring has shown that root growth is highly
variable in different parts of the growing seasons in peach (Baldi et al., 2010) as well as
grapes and apples (Eissenstat et al., 2000). The impact of root length on these functional
characteristics is greatly dependent on the stability of soil nutrient supplies, root nutrient
acquisition efficiency (Eissenstat and Volder, 2005), and the position of roots or
branching order (Eissenstat et al., 2000). Higher order roots of greater root length may be
semi-permanent in the root system despite being of fine diameter (< 1 mm) (Eissenstat
and Volder, 2005). Our study reported the root characteristics based on overall treatment,
core, depth, and diameter class means and did not attempt to distinguish roots by
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morphological order. A more detailed analysis of root length density and size according
to root order with seasonal and yearly variation should be considered to accurately assess
the impact of orchard floor management on fruit-tree root growth throughout the life time
of the orchard.
Conclusion
The tree root and tree leaf 𝜹15N natural abundance data presented here suggests
the type of orchard alleyway groundcover can impact fruit-tree root growth and nutrient
uptake. Previous studies have shown that grass alleyways restrict tree-roots to the treerow which intensifies competition in organic systems with few weed control options. Our
results show that despite being weed free, the industry standards tillage and weed fabric
resulted in a lower density and smaller diameter tree roots than trefoil and straw mulch
treatments, and less root biomass and root length density than a living mulch tree-row.
The implications for tillage managed trees is that over the long term, reduced root growth
may adversely impact tree growth. Less clear are potential consequences for weed fabric,
as these trees were among the largest in the experiment despite seemingly reduced root
growth. The negative impacts of grass alleyways especially when combined with a living
mulch tree-row are clear, as these trees had significantly lower root biomass, root
diameter and tree size than trefoil treatments. The tap-rooted architecture of trefoil roots
may reduce the physical barriers to growth that has been demonstrated by grass in other
fruit-tree root studies. The significantly lower 𝜹15N natural abundance in both trefoil
treatment trees suggests they are utilizing N sources provided by either trefoil roots or
mineralized residues from trefoil mowing and deposition into the treerow.
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Tables
Table 3-1. Analysis of variance for peach tree root biomass, average diameter and root
length density (RLD). Bolded font indicates significance at p ≤ 0.05.

ANOVA (p-values)
treerow
alleyway
treerow*alleyway
core
depth
core*depth
treerow*core
alleyway*core
treerow*alleyway*core
treerow*depth
alleyway*depth
treerow*alleyway*depth
treerow*core*depth
alleyway*core*depth
treerow*alleyway*core*depth

root
biomass
(g cm-3)
0.871
0.011
0.349
0.016
0.001
0.811
0.184
0.340
0.869
0.385
0.068
0.900
0.916
0.509
0.666

average
diameter
(mm)
0.005
0.005
0.387
0.039
0.008
0.291
0.836
0.113
0.338
0.251
0.143
0.537
0.593
0.343
0.849

RLD
(cm cm-3) <1
mm diameter
0.048
0.717
0.254
0.001
0.001
0.021
0.008
0.167
0.057
0.639
0.342
0.671
0.496
0.275
0.590
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Table 3-2. Root biomass (g cm-3), diameter (mm), and root length density RLD (cm cm-3)
for different core locations (A, B, C, and D), sampling depths, and the main effects of
tree-row, alleyway and the industry standard, tillage and weed fabric. Different capital
letters in the same column indicate significant differences (P ≤ 0.05) between alleyway
main effects and standards, while different lower case letters in the same column indicate
significant differences between treerow main effects and standards at the P ≤ 0.05 level.
Root
biomass

g cm-3
Location (core)
A
B
C
D
Depth
0-15
15-30
30-45
45-60
Treerow
Straw
Living mulch
Alleyway
Grass
Trefoil
Standards
Tillage
Weed fabric

Average
diameter

mm

RLD
<1 mm
diameter
cm cm-3

0.120 b
0.111 b
0.201 a
0.187 ab

0.377 b
0.355 b
0.431 a
0.417 a

0.155
0.193
0.154
0.114

0.200 a
0.277 a
0.143 b
0.061 c

0.413 ab
0.447 a
0.426 ab
0.330 b

0.203 a
0.209 a
0.143 b
0.111 b

0.17 a
0.18 a

0.44 a
0.37 b

0.14 b
0.19 a

0.13 B
0.22 A

0.37 B
0.44 A

0.16 AB
0.17 A

0.12 Bb
0.13 Bb

0.38 Bb
0.38 Bb

0.13 BCb
0.11 Cc
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Table 3-3. Tree leaf N (%) for the main effects of treerow and alleyway contrasted with
tillage and weed fabric. Number within the same column followed by the same lower
case letters are not significantly different at (P ≤ 0.05) between ‘treerow’ means and the
industry standards Tillage and Fabric. Number with the same upper case letters are not
significantly different at (P ≤ 0.05) between ‘alleyway’ means and the industry standards
Tillage and Fabric.

Treerow
Straw
Living-mulch
Alleyway
Grass
Trefoil
Industry Standard
Tillage
Fabric

2010

2011
%N

2012

average

2.34
2.26

3.15
3.24

3.07
3.25

2.85 a
2.92 B

2.35 B 3.07 A 3.03 BC 2.82 B
2.55 A 3.20 A 3.07 B
2.94 A
2.51 a
2.24 b

3.02 a
2.46 b

2.90 c
3.63 a

2.81 Bb
2.78 Bb

Table 3-4. Orchard system soil, input and trefoil groundcover input % total carbon and
nitrogen, and δ15N natural abundance.
Orchard system component
Orchard soil avg. (0-10 cm)
Compost
Feather meal
Straw
Trefoil (biomass)

%C
1.06
25.5
49.4
43.6
39.9

%N
0.10
2.20
12.9
0.20
3.60

δ15N (‰)
8.37
15.6
4.58
-0.71
-2.65
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Figures

Fig. 3-1. Diagram illustrating the core sampling locations in proximity to the centermost
tree in each orchard treatment plot. Each core was taken 1 m from the base of the tree
with a 30° arc between the four cores. Core A and B were taken from the alleyway and C
and D from the treerow.
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Fig. 3-2. Contoured diagram showing the tree-root biomass across cores (A, B, C, D) for
the main effects of trefoil and grass alleyway treatments.
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root length density (cm cm-3)
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Fig. 3-3. A significant treerow by core (A, B, C, D) interaction for root length density
(cm cm-3). Different letters indicate significant differences at the P ≤ 0.05 level between

a)

8.0

a

7.0
6.0

b

5.0
4.0
3.0
2.0
1.0
0.0
Straw with
Grass

Straw with
Trefoil

average peach tree leaf δN15

average peach tree leaf δN15

treatments within core.

b)

8.0
7.0
6.0
5.0

a

4.0

b

3.0
2.0
1.0
0.0

Living mulch Living mulch
with Grass with Trefoil

Fig. 3-4. Comparison of the effects of a grass or trefoil alleyway on tree leaf 𝜹15N
enrichment with a) straw tree-row or b) with a living mulch tree-row. Different letters
indicate significant differences at the P ≤ 0.05 level.
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CHAPTER IV
GROUNDCOVER MANAGEMENT IMPACT ON RELATIVE WATER USE IN AN
ORGANIC PEACH ORCHARD3
ABSTRACT. Growers

are increasingly interested in alternative orchard floor

management strategies that help reduce inputs and enhance ecosystem services while
maintaining crop productivity. Legume cover crops fix nitrogen and enhance soil health
and tree growth but may increase orchard water use. Mulches also improve soil health
and tree growth and may help conserve water. The goal of this study was to determine if
legume cover crops and living mulches used more water and increased tree water stress
relative to non-living mulches and tillage in a certified organic orchard. Treatments tested
were: ‘straw mulch’ (Triticum aestivum L.) or ‘living mulch’ (Lobularia maritima (L.)
Desv.) treerow in combination with ‘grass’ (Festuca rubra L. and Lolium perenne L.) or
legume, ‘trefoil’ (Lotus corniculatus L.) alleyway, which were compared to organic fruitindustry standards, tillage or weed fabric treerow with grass alleyway. Few consistent
differences were measured between orchard treatments in water use (mm/week) or tree
water stress (Mpa). In general, tillage and weed fabric water use patterns were slightly
higher straw and living mulch treerows and grass alleyways, and trefoil higher than grass
treatments. Similar water use patterns are likely the result of larger trees in the trefoil,
weed fabric, and tillage treatments and greater vegetation biomass in straw and living-

3

C.M. Culumber, B.L. Black, G.E. Cardon, N. Allen, J.R. Reeve, C.V. Ransom, D.G.
Alston, A.S. Tebeau
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mulch treatments. Trees with trefoil alleyways attained the same size as weed fabric and
tillage treatments despite a higher orchard floor vegetation biomass. Tillage treatments
had higher (p<0.032) bulk density (1.61 ± 0.05 g cm-3) than the untilled orchard soil,
however water holding capacity (16.3 ± 0.97 mm) at 15 cm was unaffected by tillage.
The transition of vegetation composition over time may have contributed to similar water
use between grass and trefoil and straw and living mulch treatments. Comparable water
use between grass and trefoil suggests the benefits outweigh any potential for increased
water use by trefoil in fruit-tree orchards in semi-arid regions.
Introduction
Reducing inputs while enhancing ecosystem services and productivity is crucial
for the improved sustainability of orchards. Fruit trees are vulnerable to competition with
orchard floor vegetation and the amount of water needed to maintain tree-fruit growth
and productivity may vary with different orchard floor management approaches
(Johnson, 1996). Established in the alleyway or treerow, living mulches have a
recognized potential to improve soil structure, increase soil water holding capacity and
infiltration, and soil organic matter content (TerAvest et al., 2010). However, in semi-arid
growing regions, groundcovers increase orchard water requirements by as much as 2025% due to increased transpiration rates (Goldhamer, 2005). Shallow-rooted perennial
grasses (e.g. Festuca rubra L. and Lolium perenne L.) are typically planted in orchards
because they use less water than other deep-rooted sod grasses. Still, perennial grasses
have been shown to compete with fruit trees for nitrogen (N) (Goode and Hyrycz, 1976).
Legumes fix nitrogen (N), improve soil health and tree growth, but are assumed to
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require more water than turf grasses (Granatstein and Mullinix, 2008; Mullinix and
Granatstein, 2011). Alfalfa (Medicago L.), sometimes planted as an orchard alleyway
groundcover, has a deep root system known to have high water use requirements
(Guitjens, 1993). By contrast, a less commonly known leguminous species, Birdsfoot
trefoil (Lotus corniculatus L.) has shallower roots and increased tolerance to drought
conditions (Díaz et al., 2005). Trefoil may have higher water use requirements than turf
grass during the orchard establishment period (Rowley, 2011). However, more research is
needed to determine if increased water requirements could be offset when incorporating
legumes such as trefoil with moisture conserving treerow mulches.
Standard orchard floor practices alleviate competitive water and nutrient stress by
eliminating vegetation from the treerow. Still, few if any certified organic herbicides
effectively control treerow weeds (Granatstein and Mullinix, 2008; Rowley et al., 2011).
Tillage is an economical and effective weed control method that can temporarily increase
soil moisture infiltration (Calegari et al. 2008). However, frequent cultivation has also
been shown to degrade soil structure over the long-term (Parker et al., 1993; Soane and
Boone, 1986). Weed fabric and black plastic mulches effectively control weeds and are
beneficial to tree growth and nutrition (Mage, 1982; Neilsen et al., 2003a; Yin et al.,
2007). However, these mulches are costly and can increase soil temperatures, and a lack
of transpiring groundcover may increase fruit tree transpiration during hotter times in the
growing season (O'Connell et al. 1999; Neilsen et al., 2003b). Conversely, extreme water
stress can induce stomatal closure resulting in reduced transpiration rates and increased
canopy temperatures (Fereres et al. 2012). Research on alternative approaches to tillage
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and fabric mulch has focused on living and non-living treerow mulches with turf grass
alleyways (Glenn and Welker, 1991; Merwin and Stiles, 1994; Sanchez et al., 2003). Inrow mulches such as shredded paper, and wood chips increase soil moisture retention
(Skroch and Shribbs, 1986; Neilsen et al., 2003b; Sanchez et al., 2003). Although, weed
seed contamination can introduce new unwanted competitive species into the orchard
floor (Rowley et al., 2011). Living mulches combined with turf grass have generally been
found to increase water stress in fruit trees (Merwin et al., 1994) and reduce tree growth
and yields (Hoagland et al., 2008; Neilsen and Hogue, 1985; Sanchez et al., 2003). Few
studies, however, have investigated if mulch combined with the placement of shallow
rooted legumes in the alleyway can minimize treerow competition and offset increased
water use in organic orchards in semi-arid environments (Granatstein and Mullinix, 2008;
Sánchez et al., 2007).
Accurate estimates of fruit-tree water use and stress are difficult to obtain due to
the continuum between the soil water, tree, and atmosphere. Recent studies have
demonstrated the utility of different multi-depth capacitance sensors for monitoring soil
moisture changes and scheduling irrigation (Vera et al., 2009). Tree water stress
indicators can also be used as a means to determine if prescribed irrigation cycles
successfully maintain fruit tree water requirements, because actual plant stress
measurements represent the integrated effects of soil, plant and atmospheric conditions
(Shackel, 2011). Midday stem water potential represent the balance between water taken
up minus the amount of water transpired in fruit trees and are considered to be among the
best, most reliable methods of determining stress in fruit trees (McCutchan and Shackel,
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1992; Naor, 1998). A combination of soil and tree water potential monitoring techniques
is likely the best approach to assess fruit-tree water use and stress in response to orchard
ground cover management.
The goal of this study was to 1) evaluate differences in relative water use and tree
water stress in response to different orchard floor management practices, and 2)
determine how soil water holding capacity within the top 15 cm is influenced by tillage
and non-tilled treerow management practices. We assumed that trefoil alleyway
treatments would result in significantly higher relative water use compared to grass
alleyway, tillage and weed fabric control treatments. We expected that a straw mulch
barrier combined with trefoil would reduce water use in comparison to a living mulch
with trefoil combination. We hypothesized that non-tilled treatments would result in
greater water holding capacity than tilled treatments.
Material and Methods
LOCATION AND EXPERIMENTAL DESIGN. The Organic Stone-Fruit Research
project was initiated in 2008 at the Agricultural Experimental Station in Kaysville, Utah
(41°01'17.2"N 111°55'43.4"W) to develop a long-term research site to characterize the
benefits and tradeoffs of organic orchard floor management strategies in the context of a
whole system (Reeve et al., 2013). The trial is located on well drained or moderately well
drained soils with textures ranging from fine sandy loam, sandy loam to loam. Total
monthly (June, July, and August) precipitation (mm) at the trial site was determined
based on the sum of hourly precipitation for each month from 2011 to 2013 (Table 4-1).

88
Evapotranspiration loss (mm/week) within each month was averaged based on the sum of
hourly ETr per week (data accessed from the Utah State University Climate Center
http://climate.usurf.usu.edu/stationstuff.php). The certified organic peach orchard
consisted of four alternative orchard floor treatments 1) straw mulch (wheat (Triticum
aestivum L.) or barley (Hordeum vulgare L.) with grass alleyway (Festuca rubra L. and
Lolium perenne L.) (StGr), 2) straw mulch with a Birdsfoot trefoil alleyway (Lotus
corniculatus L.) (StTr), 3) living mulch (Shallow-rooted alyssum, Lobularia maritima
(L.) Desv.) treerow with grass alleyway (LmGr), and 4) living mulch treerow with trefoil
alleyway (LmTr) and two industry standard controls 5) tillage with grass alleyway (TiGr)
and 6) weed fabric with a grass alleyway (FaGr) with four blocks. Each plot consisted of
15 trees, with three rows of 5 trees per row. To avoid boundary affects from adjacent
treatments, data were collected from the three centermost trees in the plot. Straw mulch
treerow treatments received one straw bale (0.149 m3 or 1 T/ha) per 5 trees annually. The
living mulch treerows were originally planted with shallow rooted alyssum, with the
objective of establishing a cover crop that would reseed itself annually with minimal
maintenance requirements. Species composition in this treatment migrated to mowed
weeds, however. The living mulch and straw mulch treerows were managed with a
sandwich tillage system (Hoagland et al., 2008), which consists of a narrow 0.3 m tilled
strip maintained between the treerow and alleyway. Compost and feather meal fertilizers
were applied to the tillage strip and incorporated to increase infiltration and reduce
competition between tree roots and groundcovers. Tillage treatments were tilled to a 10
cm depth across the treerow approximately once per month. We observed early on in the
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study that voles (Microtus sp.) or other fruit-tree trunk girdling rodents would inhabit the
space underneath the weed fabric during the winter. To address this issue, the woven
fabric mulch (Weed fabric) was installed at tree-planting, rolled back in November and
replaced in March after a one-time application of compost and feather meal amendments
in the spring of each year. Living mulches and weeds in treerow treatments were mowed
approximately once per month so that irrigation micro-sprinkler output was not impeded
and to reduce weed-seed production. The orchard alleyways were also mowed monthly
and the plant biomass from the trefoil alleyway treatments blown into the treerow and
allowed to remain on the surface. Irrigation micro-spray emitters were placed between
each tree, with 360° emitters used within the plot and 180° emitters used at the ends of
the plot. Micro-sprinkler emitters were replaced between the 2012 and 2013 growing
season, which changed the irrigation output from 6.78 mm/hr to 9.30 mm/hr.
RELATIVE WATER USE. In-field soil water contents were obtained with a
capacitance soil moisture monitoring unit (Diviner 2000, Sentek Pty Ltd., Stepney, South
Australia). Before use, the probe was calibrated with the Sentek provided, default
calibration equation and normalized with raw counts from air, irrigation water, and soil,
according to the user guide (Diviner 2000, Sentek Pty Ltd., Stepney, South Australia)
with the Eq. (A.5). 𝑆𝐹 = (𝐹𝐴 − 𝐹𝑆 )⁄(𝐹𝐴 − 𝐹𝑊 ). Each raw count represents probe
moisture readings in a PVC access tube, where FA is the raw count suspended in air, Fw is
the count for the probe in irrigation water, and FS the soil moisture at each 10 cm
incremental depth to 1 meter. A total of 28 PVC access tubes were installed in the
orchard. One PVC access tube was installed in the center of the tree-row, approximately
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1 m between trees, at the center of each 5 x 3 tree orchard plot. One tube was also placed
in the center of grass or trefoil groundcovers in four alleyway plots. Soil moisture
readings were taken in early spring, 2011 through 2013, at 10 cm intervals to
approximate volumetric water content (VWC) (θv) (g cm-3) at field capacity to a 50 cm
depth, for each access tube in the orchard. During the irrigation season, the difference
between the soil capacitance readings prior to irrigation and the baseline field capacity
were used to calculate the amount of irrigation time to the nearest half hour. Water use
was tracked with water flow meters (DLJ100, Daniel L. Jerman Co., Hackensack, NJ)
within each plot to infer the accuracy of the weekly calculated micro-sprinkler output.
Water use determinations were based on soil water measured in the upper 50 cm of soil at
one location in each plot and on days when precipitation or irrigations did not occur.
These estimates are considered relative and while it does not provide total water use it
does provide information for comparison. Relative water use was determined based on
the mm soil moisture loss per day at the plot level during precipitation free intervals. Soil
moisture loss (mm/day) from 0-50 cm was calculated to the hour for each plot as the
difference between estimated θv one day after irrigation until the last reading,
approximately one hour prior to irrigation. The average mm water use per day was
multiplied by seven to obtain the mm water use per week.
TREE SIZE AND GROWTH. Tree size (trunk cross-sectional area (TCSA)) was
determined in late fall of 2011 (Reeve et al. 2013) through 2013 based on the diameter
(cm2) of each tree trunk 25 cm above the soil surface. The percentage increase in TCSA
was calculated between years (ΔTCSA). These methods have been shown to highly
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correlated with tree growth, vigor and yield potential (Westwood and Roberts, 1970).
ORCHARD FLOOR PLANT COMMUNITY COMPOSITION. Plant community
composition was assessed in the treerow and alleyway for all treatments. Orchard floor
biomass was collected in two 0.25 m2 locations in the treerow and alleyway within each
plot approximately 5 cm above the ground surface. Sampling was conducted in the
orchard alleyway three times per year during the beginning, middle and end of the
growing season from 2011 to 2013. Treerow biomass was sampled once in August 2011,
June, July and August 2012, and July and August 2013. Plant biomass was sorted by
taxonomic classification to the genus or species level, dried at 65°C for 72 hours, and dry
weights recorded. The dry weight of orchard floor vegetation was estimated for each plot
by sampling date. Orchard floor vegetation composition was broadly classified in
proportions of legumes to non-legumes to document the succession of grass or legume
established monocultures to diverse plant community assemblages over time.
TREE WATER STRESS. Stem water potential readings were conducted according to
Fulton et al. (2001) at bi-weekly intervals (when conditions allowed) the day before and
following irrigation during the 2013 season. Readings were taken within an hour of solar
noon, from tree leaves equilibrated with tree stems after being enclosed in foil bags one
or more hours. Tree leaves were removed from the tree and placed in a pressure chamber
instrument (Model 610, PMS Instrument Company, Albany, Oregon). Nitrogen gas filled
the chamber until xylem fluid exuded from the petiole. The point at which the fluid
emerged was considered equivalent to the absolute value of the xylem pressure potential,
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expressed in megapascals (Mpa). The stem water potential readings were compared with
daily capacitance probe measurements to estimate the soil moisture level at which fruit
trees reach a threshold for water stress.
SOIL PHYSICAL CHARACTERISTICS AND LABORATORY ESTIMATED WATER
HOLDING CAPACITY.

Soil cores were extracted one day after irrigation in August 2013 to

determine bulk density and water holding capacity for 15, 30 and 45 cm soil depths. Bulk
density was determined for soil samples (volume of 50.24 cm3) collected with a core
method (Elliot et al., 1999) from all TiGr and LmGr treatment plots. Bulk density (ρb)
was calculated with Eq. (A.1). ρb (g cm-3) = (oven dry weight soil weight (g)) ∕ (volume
of the soil core (g cm-3)). For each depth interval, approximately 10 g of undisturbed field
moist soil was collected. Gravimetric water content (θm) was determined on field moist
soils, on a dry weight basis Eq. (A.2). θm= (field moist wet weight-oven dry weight (g)) ∕
(dry weight (g)). Initial VWC (θv) was calculated based on the determined ρb and θm field
moist values. Soil water potential (ψm) (Mpa) was determined simultaneously with a dew
point potentiometer (WP4, Decagon Devices, Inc. Pullman, WA). Water content at field
capacity was extrapolated based on water potential and VWC content of field moist soils
and the formula Eq. (A.3). θ-0.033 Mpa = θm (ψm ∕-0.0331∕b) outlined in an application note
for determining field capacity and permanent wilting point (Campbell, 2006).
Where θ -0.033 Mpa is soil water potential at field capacity, θm is the water content in
cm3 cm-3 of field moist soil, ψm is water potential (Mpa) of field moist soil, and b is the
standard value (5.5) based on loam soil texture classification for the study site from 0-30
cm, and sandy loam (b = 3.7) for the 45 cm depth (Campbell, 2006). Permanent wilting
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point was determined by the water content at the observed -1.5 Mpa water potential or
extrapolated at a close value near permanent wilting point based on the formula
Eq. (A.4). W-1.5=Wm ln (-1000 /-1.5 MPa) ∕ ln (-1000 ∕ ψm). Where W-1.5 is the estimated
VWC content (cm3 cm-3) at permanent wilting point, Wm is the observed VWC content at
the measured water potential, and ψm is the observed water potential reading (Mpa).
Differences between water content at field capacity and permanent wilting values were
used to approximate water holding capacity for the tilled and non-tilled treatments at 15,
30, and 45 cm.
STATISTICAL ANALYSES. Differences among estimated relative water use and
fruit-tree stem water potential were assessed for alleyway (grass or trefoil), treerow
(straw and living mulch) and their interaction with a general linear mixed model and a
two-way treatment structure. Contrast statements were used to compare the main effects
with the mean responses of the two controls, tillage and weed fabric treerows with a turf
grass alleyway. When a significant treerow by alleyway interaction was detected, the six
treatments were assessed with a general linear mixed model with one-way treatment
structure. Statistical analysis of relative water use (mm/week) included month and year as
a repeated measure (Appendix C1-C10). The ΔTCSA (Appendix C11-C13), orchard floor
plant community total kg biomass (Appendix C14-C15), and percent legumes (Appendix
C16), included year as a repeated measure. Stem water potential analysis included month
and time (potential before and after irrigation) as repeated measures (Appendix C17C19). Bulk density and water holding capacity were assessed for the tilled TiGr and nontilled LmGr treatments with a general linear mixed model and one-way treatment
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structure. The relationship between average annual relative water use (mm/week), stem
water potential (Mpa), total orchard floor biomass, percent legumes in biomass, TCSA
and ΔTCSA was determined with a Pearson’s correlation coefficient. The analysis was
computed using the GLIMMIX procedure in SAS/STAT 13.1 in the SAS System for
Windows software (version 9.4, SAS Institute, Cary, NC). Significant interactions are
shown in figures and in Appendix C.
Results
RELATIVE WATER USE. Water use varied significantly by month (p<0.001) in all
three years. Peak water use occurred in August 2011 and 2012, and June and July in 2013
(Fig. 4-1). Water use did not vary among the main effects of treerow mulches or alleyway
groundcovers for any single year. Cumulative relative water use for all three years was
lowest in grass (p<0.180), suggesting a pattern of higher water use in trefoil, tillage, and
weed fabric (Table 4-2). No differences in water use were observed between straw and
living mulch treatments.
TREE SIZE AND GROWTH. Trees grown with trefoil, tillage, and weed fabric were
significantly larger in terms of TCSA than grass treatments from 2011 to 2013 (Fig. 4-2),
but there was only a weak correlation (r = 0.307 p<0.001) between tree size and water
use. A significant alleyway by year interaction (p<0.001) occurred for tree growth
between years from 2011 to 2013, although patterns were inconsistent and difficult to
interpret (Fig. 4-3). Overall, ΔTCSA appeared to decline among trees that attained a
larger size in earlier years (Reeve et al. 2013). Tillage trees growth rate declined from
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2011 to 2013, trefoil beginning in 2012, and weed fabric during the 2013 season. Despite
having a higher ΔTCSA rate during the 2011 to 2013 seasons (Fig. 4-3), the combination
of either a living mulch or straw with a grass alleyway resulted in significantly smaller
sized trees over the duration of the study (Fig. 4-2). Comparisons between water use and
tree growth (ΔTCSA) between years, was negatively correlated (r = -0.420, p<0.001),
which may reflect the lower cumulative water use observed in grass treatments.
ORCHARD FLOOR PLANT COMMUNITY COMPOSITION. A significant treerow by
year interaction resulted for orchard floor biomass (kg/plot), with no alleyway effect. The
average orchard floor biomass was significantly higher in living mulch than tillage
(p<0.011, p<0.014) in 2011 and 2012, and weed fabric (p<0.001) in 2012 (Fig. 4-4).
Living mulch was also higher in biomass compared to straw (p<0.005, p<0.001) in both
years (Appendix Fig. C1). Straw mulch treatments contained greater plant biomass than
tillage and weed fabric in 2012 and 2013 (Fig. 4-4). Higher plant biomass however, did
not translate into greater water use as no relationship was detected between the two
parameters. Additionally, a weak correlation (r = 0.330, p<0.005) was observed between
tree growth (ΔTCSA) and increased groundcover biomass, indicating increased
vegetation biomass did not have an adverse impact on fruit-tree growth rate from 2011 to
2013.
The orchard floor alleyways transitioned from established monocultures of trefoil
or turf grass, to a more diverse assemblage of plants. Although, the proportion of legumes
remained significantly higher (p<0.001) in the trefoil treatment for the duration of the
study. Alleyway transition data were not collected prior to 2011, but trefoil alleyways
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declined from 100% trefoil monoculture at establishment to an average 63 ± 2% in 2011
to 2013. The proportion of legumes in grass alleyways (including tillage and weed fabric)
increased significantly (p<0.001) from 27 ± 5% in 2011 to 39 ± 2% legume cover in 2012
(Fig. 4-5). The dominant legume type in turf grass alleyways was Clover sp. (Appendix
Fig. C2). No relationship was detected between the proportion of groundcover legumes
and relative water use with a Pearson’s correlation coefficient.
TREE WATER STRESS. Tree water stress (stem water potential) before and after
irrigation was no different among the main effects of the treerow or alleyway factorial
treatments (Fig. 4-6a and b). Orchard trees had significantly lower stem water potential
(p<0.001) one day before irrigation compared to one day after in 2013 (Fig. 4-6a and b).
Stem water potential also varied significantly by month (p<0.001) with declining stem
water potentials (greater tree stress) in July compared to June (Fig. 4-7). No relationship
was detected between increasingly negative stem water potential and soil moisture loss
(mm/day).
BULK DENSITY AND ESTIMATED SOIL WATER HOLDING CAPACITY. Tillage soil
bulk density of 1.61 ± 0.05 g cm-3 soil at the 15 cm depth was significantly greater
(p<0.032) than the non-tilled living mulch treatment (1.54 ± 0.04 g cm-3), but no different
at the lower depths (Table 4-3). Both tillage and non-tilled values are below the estimated
critical bulk density range (1.8 g cm-3) for plant growth in a sandy loam. Despite the
observed changes in bulk density under tillage, θv estimates at field capacity (-0.03 Mpa)
and permanent wilting point (-1.50 Mpa) determined with a dew point potentiometer
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(Table 4-3), were no different between tilled and non-tilled treatments. The mean
estimated water holding capacity was 50.5 ± 0.12 mm for both non-tilled and tilled
treatments to a 45 cm depth.
Discussion
Few significant differences were detected among treatments across three years for
water use and tree water stress monitoring. Increased water use is presumed to be one of
the primary drawbacks to the adoption of legumes and in-row groundcovers in orchards
(Merwin and Stiles, 1994), especially in semi-arid to arid regions that require irrigation
(Rowley et al. 2011). We assumed treatments with a trefoil alleyway would have higher
relative water use than grass treatments, and that the living mulch would increase water
use in comparison to treatments with reduced treerow vegetation. Tillage and weed fabric
controls were predicted to result in the lowest water use due to a reduction or complete
absence of treerow vegetation. However, trefoil, tillage and weed fabric water use was
higher but not statistically greater than grass treatments. No relationship was found
between increased groundcover vegetation and relative water use. Despite the lack of
difference in water use, smaller trees in the grass treatments appeared to result from
increased competition for soil moisture and nutrients (Culumber et al. Chapter II).
Cumulative water use from 2011 to 2013 was higher but not significantly greater
in trefoil (p<0.211), tillage (p<0.180), and weed fabric (p<0.180) treatments over grass
(Table 4-2). Although the relationship was not strongly correlated, marginally higher
relative water use could be a response to the larger size (TCSA) (Reeve et al., 2013) and
canopy (m2) early on (Rowley, 2011) in fabric, trefoil, and tillage treatment trees.
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Additionally, increased relative water use in tillage and weed fabric treatments could
point to an increase in transpiration rates in response to adjective energy transfer from the
warmer drier surfaces of treerows nearly devoid of vegetation (Fereres et al. 2012).
Larger trees in the tillage and weed fabric treatments suggests an advantage of decreased
groundcover competition for soil moisture and nutrients. Fruit trees in trefoil treatments
attained considerable size even with the competitive influence of increased vegetative
biomass with a straw or living mulch treerow, however (Fig. 4-2). The observed size
increase may be in response to enhanced soil fertility provided by the N fixing trefoil
groundcover (Culumber et al., Chapters II). Trefoil treatments also resulted in greater
root size and distribution, which may have also increased the trees capacity to utilize soil
resources (Culumber et al. Chapter III). Grass resulted in the same if not slightly lower
water use (as suggested by cumulative water use), but with smaller tree size. This points
to the presence of competitive factors between turf grass groundcovers and fruit trees, not
explained by the estimation of relative water use based on soil moisture drawdown.
Earlier orchard observations described by Rowley (2011), showed somewhat
greater (p<0.180) water use in trefoil compared to grass alleyway treatments.
Fluctuations in water use patterns may be influenced by changing groundcover species
composition over time (McNaughton and Jarvis, 1983). The observed shifts in orchard
floor plant community composition (Appendix Fig. C1) may provide another explanation
for why trefoil did not have distinctively higher water use than grass treatments in later
years. At establishment, orchard alleyways were a monoculture of either turf grass or
trefoil. As the orchard floor transitioned, nearly 40% of grass cover was replaced with
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clover sp. by 2011 (Fig. 4-5). Similar to trefoil, clovers can develop extensive taproot and
lateral root systems, which may have comparable water use demands. In trefoil
alleyways, the proportion of trefoil biomass relative to grass and other species also
declined from the onset of the experiment (Appendix Fig. C3). The trefoil established
monocultures transitioned to approximately 60% of the orchard floor composition only a
few years after establishment, resulting in a more even distribution of grasses to legumes
across the orchard floor. The lack of strong and or persistent increased water
consumption in the trefoil treatment, along with larger fruit tree size, suggests the
benefits outweigh the costs associated with its adoption as an orchard groundcover.
Fruit-tree stem water potential averaged -1.07 Mpa one day prior to and -0.8 Mpa
after irrigation and did not vary significantly among the different orchard floor treatments
(Fig.4-6a and b). Stem water potential was generally just above water stress initiation at
mid-day, one day after irrigation (Fig. 4-6a and b). Water stress initiation in peach trees
has been determined as approximately -0.9 Mpa, (Abrisqueta et al., 2013; Shackel et al.,
1997). Potential for significant water stress was higher in July, 2013, where the overall
average stem water potential was -1.1 Mpa compared to -0.75 Mpa in June 2013 (Fig.47). No relationship was detected between the rate of soil moisture depletion and
increasingly negative stem water potential. Potter et al. (2012) found that pecan trees
reached the threshold for water stress between irrigation cycles in both bare-ground and
vegetated orchards, with no correlation between soil moisture depletion and stem water
potential. One explanation for a lack of treatment differences and the rapid initiation of
tree water stress in this study, is the limited water holding capacity of the sandy loam
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soils at the trial location. We expected frequent surface soil disruption by tillage would
further reduce water holding capacity compared to untilled soil surfaces. Despite higher
(p<0.032) bulk density (1.61 g cm-3) in the 0-15 cm depth in the tillage treatment, water
holding capacity estimates did not vary between tilled and non-tilled treatments. Water
holding capacity from 0 to 45 cm was estimated to be approximately 50 mm (Table 4-3),
of which only 25 mm would have been readily available for uptake. Soil moisture loss
tracked over the three days following irrigation in July 2013 was roughly 75% of
available water (data not shown). The average ETr per week in July was 47 mm
(Table 4-1). This suggests soil moisture in the 0 to 45 cm range will go from field
capacity to allowable depletion approximately three to four days after irrigation during
the hottest time of the year when trees are most susceptible to water stress. Water holding
capacity was not estimated for depths below 45 cm, however the average rate (mm/day)
of soil moisture depletion from 0-100 cm was only found to vary significantly from the 050 cm depth during a one-week period between irrigation cycles in 2011 (Appendix Fig.
C4).
Differences in relative water use were largely non-significant among orchard
treatments. This was surprising as we expected the main effects of trefoil and living
mulch to have greater water use requirements compared to grass and straw mulch and the
tillage and weed fabric controls. The findings are encouraging for growers interested in
incorporating legumes in their orchards, especially under organic management where
herbicides are not available to control weeds and maintain monocultures. Still, the rapid
transition from established groundcovers to a varied mixture of grass and legume
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vegetation did not allow for a definitive assessment and more research is necessary to
conclude whether or not trefoil uses more water than turf grass alleyways. The larger tree
size in trefoil treatments suggests the groundcover promoted tree growth despite
significantly higher weedy vegetation when combined with a living mulch or straw
treerow. Trees grown with trefoil matched the size trees in weed fabric and tillage
treatments, which suggests there are potential economic and labor saving benefits
associated with the use of trefoil groundcovers in comparison to tillage and weed fabric
orchard floor management approaches. A complex balance of climate factors, seasonal
growth stages and tree maturity components determine the rate of water loss from an
orchard system (Fereres et al. 2012). Further research with more detailed accounting of
fruit tree and groundcover transpiration, and soil evaporation losses may better
distinguish water use patterns between the different orchard floor management
approaches described here. Further investigation should determine if the combination of
trefoil alleyways and mulched treerows can increase water use efficiency in comparison
to tillage and weed fabric controls or if the barrier to evapotranspiration by mulches is
inadequate to provide these benefits in the semi-arid climate of the Intermountain West.
Conclusion
Fruit growers with limited water resources need to increase water use efficiency
by adopting irrigation systems and management practices that reduce water use without
inhibiting fruit-tree growth, productivity and soil quality attributes. This trial found few
consistent differences between the main effects of novel orchard treatments in water use
or tree water stress. Individual management approaches appear to be a secondary factor to
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the limited water holding capacity of the sandy-loam soils for determining appropriate
orchard irrigation volume and frequency intervals.
Few differences were found between groundcovers with characteristically higher
water use needs and treatments designed to limit vegetative growth. Patterns indicating
increased relative water use in the tillage and weed fabric treatments may be a response
to the larger size of trees and a lack of canopy cooling transpiring groundcover in the
treerow. Grass treatments appeared to have lower, albeit non-significant, relative water
use than trefoil, tillage and weed fabric treatments, which points to reduced transpiration
in plots with smaller trees. Trefoil treatments had the same relative water use as the
tillage and weed fabric controls despite a higher proportion of groundcover biomass when
combined with straw or living mulches. As a result, there does not appear to be a large
water use cost associated with adopting trefoil groundcovers, even when combined with
approaches that do not mitigate weeds like the living mulch treatment.
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Tables
Table 4-1. Total monthly precipitation (mm), and average reference evapotranspiration
ETr mm/week for June, July, and August from 2011 to 2013.

2011
Precip. total (mm)
ETr (mm/week)
2012
Precip. total (mm)
ETr mm (mm/week)
2013
Precip. total (mm)
ETr (mm/week)

June

July

August

10.2
37.2

5.08
40.5

17. 8
42.1

6.45
44.6

40.6
37.6

19.4
35.1

0
43.4

39.9
47.6

4.0
36.2
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Table 4-2. Average relative water use (mm/week) for the main effects of tree-row (straw
and living mulch) and alleyway (grass and trefoil) treatments compared with the industry
standards, tillage and weed fabric, for June, July and August from 2011 to 2013.
Tree-row main effect
living
straw
mulch

Alleyway main effect

Standards
weed
tillage
fabric

Grass

trefoil

2011
June
July
August

20.3
29.8
40.2

22.5
29.5
34.6

18.4
27.2
34.9

24.4
32.1
40.0

22.0
25.7
48.6

26.3
35.9
45.4

2012
June
July
August

42.1
48.3
51.6

40.1
44.5
50.9

35.0
41.5
49.5

47.20
51.28
52.96

39.8
50.1
57.7

43.1
41.8
47.9

2013
June
July
August
cumulative

37.1
43.3
34.9
348

31.5
49.9
44.1
348

36.7
41.0
38.5
323

31.97
52.17
40.84
373

36.9
57.5
46.4
385

43.8
58.0
46.4
389
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Table 4-3. Soil bulk density (g cm-3), volumetric water content (cm cm-3) at field capacity
(-0.03 Mpa) and permanent wilting point (-1.5 Mpa) for orchard soils subjected to either
tillage or a living mulch tree-row. Numbers within the same row followed by the same
letter are not significantly different (P ≤ 0.05).

bulk density (g cm-3)

volumetric water
content (cm cm-3)
-1.5 Mpa

-0.03 Mpa

depth increment water
holding capacity (mm)

depth
(cm)
15
30
45

living mulch
1.54 b
1.46
1.56

tillage
1.61 a
1.47
1.54

15
30
45
15
30
45

0.16
0.17
0.16
0.27
0.28
0.27

0.17
0.16
0.16
0.28
0.28
0.28

0-15
15-30
30-45

16.5
17.4
17.8

16.2
16.9
16.4
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Figures
60.00
50.00

water use (mm/week)

a

a
a

ab
b

b
c

40.00

b
June
30.00

July

c

August
20.00
10.00
0.00
2011

2012

2013

Fig. 4-1. Average mm/week relative water use across all treatments from June to August
from 2011 to 2013. Different letters indicate a significant difference (P ≤ 0.05) between
months within year.
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Fig. 4-2. Average trunk cross-sectional area (cm2) for the main effects of alleyway
compared with tillage and weed fabric from 2011 to 2013. Different letters indicate
significant differences between treatments within the same year at the P ≤ 0.05 level.

112
250.00

ΔTCSA

200.00

a

a
a

150.00

b
b

100.00

a

Grass
Trefoil

b b

Tillage

a

Weed Fabric

b

50.00

b b

0.00
2011

2012

2013

Fig. 4-3. Tree % growth (ΔTCSA) for the main effects of alleyway compared with tillage
and weed fabric from 2011 to 2013. Different letters indicate significant differences at the
P ≤ 0.05 level between treatments within a single year.
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Fig. 4-4. Average kg groundcover vegetation per treatment from 2011 to 2013. Different
letters indicate a significant difference within year at the P ≤ 0.05 level.
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legumes in groundcover biomass (%)
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Fig. 4-5. Average percentage of legumes in orchard groundcover biomass for alleyway
(grass and trefoil) main effects and industry standards tillage and weed fabric from 2011
to 2013. Different letters indicate a significant difference within individual main effects
between years at the P ≤ 0.05 level.
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stem water potential (-Mpa)
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Fig. 4-6. Average stem water potential (-Mpa) before and after irrigation in 2013, for the
main effects of a) treerow and b) alleyway treatments compared to tillage and weed
fabric. The main effects are shown for the reader’s interest only as there was no treatment
by time interaction. Different letters indicate a significant difference at the P ≤ 0.05 level
for stem water potential before and after irrigation within each treatment.
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Fig. 4-7. Average stem water potential (Mpa) in June and July of 2013. Different letters
indicate a significant difference between June and July before and after irrigation stem
water potential values at the P ≤ 0.05 level.
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CHAPTER V
STRUCTURE AND FUNCTION OF SOIL MICROBIAL COMMUNITIES UNDER
CONTRASTING ORCHARD FLOOR SYSTEMS4

ABSTRACT
The productivity of a large and stable soil microbial community is vital to
obtaining maximum benefit from organic inputs and maintaining prolonged soil fertility
in organic agricultural systems. Cultivation is used extensively in many organic systems
to reduce weedy vegetation and incorporate fertility inputs. Tillage, however, disrupts
soil structure, rapidly degrades soil organic matter, and may alter microbial community
composition and microbial mediated soil processes. A functional gene array was used in
conjunction with measured soil biochemical processes to compare the effects of tilled and
non-tilled soil treatments that received organic inputs of varying quality and quantity on
microbial community structure and function. Two non-tilled treatments with a legume,
‘Birdsfoot trefoil’ (Lotus corniculatus L.) alleyway, combined with either a ‘straw
mulch’ (Triticum aestivum L.) (StTr) or ‘living mulch’ (Lobularia maritima (L.) Desv.)
(LmTr) treerow were compared to an industry standard, tillage with a turf grass alleyway
(TiGr). Trefoil alleyway biomass was cut and deposited into tree-rows to contribute an
estimated 6 kg biomass and 0.2 kg additional total soil N/tree annually. A total of 17,787
genes were detected, with 1703 genes of significantly higher signal intensity in at least

4

Culumber, C.M., J.R. Reeve, X. Dai, J.M. Norton
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one pairwise comparison between treatments. The TiGr treatments had the most frequent
cases of higher signal intensity compared to the two trefoil treatments, mainly among
bacterial genes related to labile C degradation, C fixation, N, P and S cycling, as well as
organic remediation and metal homeostasis. The microarray results contrasted sharply
with laboratory measures of soil biochemical processes, where the TiGr was significantly
lower levels of microbial biomass, total organic C and N, and enzyme activities
indicative of greater C, N and P nutrient cycling potential than both the StTr and LmTr
treatments.
1. Introduction
In organic agricultural systems, the productivity of a large and stable soil
microbial community is vital to obtaining maximum benefit from organic inputs and
maintaining soil fertility. Soil microorganisms and the enzymes they produce are
fundamental to soil processes including the cycling of nutrients, and the retention of soil
organic carbon (C) and nitrogen (N) among other important nutrients. Agricultural
systems that incorporate organic amendments, implement tillage or establish cover crops
have been shown to influence microbial community composition and the rates of soil
processes (Carrera et al., 2007; Xue et al., 2013). However, the relationship between
microbial community composition, soil processes, and agricultural management practices
is not well understood (Nannipieri et al., 2003). Research is sparse on the effects of
functional diversity and abundance of microorganisms on soil nutrient cycling in
response to orchard floor management (Moore-Kucera et al., 2008; Yao et al., 2005).
Tillage is commonly used in organic fruit production to maintain a weed free area
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in the immediate vicinity of fruit trees to reduce competition for nutrients and water.
Organic amendments are applied to bare ground and incorporated with tillage, which
stimulates rapid decomposition and mineralization of soil C and N. However, repeated
tillage degrades soil organic matter, disrupts soil structure and alters water content and air
space, and eventually reduces the supply of C and N and other nutrients for
microorganisms (Hoagland et al., 2008; Sánchez et al., 2007). There are few certified
chemical options to control weeds in organic orchard systems. Reduced or no-till
agricultural practices have been shown to protect soil from disruptive processes, thereby
increasing C storage, and the proportion of fungal to microbial biomass in the soil (Six et
al., 2002). Mulches and groundcovers protect the soil and provide some barrier to weed
emergence, yet weedy vegetation is not uncommon in organic systems. Increased plant
diversity alters the assortment and abundance of plant litter deposited in the rhizosphere
and on the soil surface. Diverse plant assemblages supply organic residues of varied
quality and quantity that have been linked to increased size, activity, and diversity of
microbes related to decomposition and nutrient cycling in a number of different
ecosystems (Ball et al., 2014; Berthrong et al., 2013; Callaway et al., 2004; Chapman et
al., 2013; Chapman and Newman, 2010; Hollister et al., 2010). Cover crops combined
with compost inputs have also been associated with enhanced soil microbial diversity and
function. Agricultural soil with either a legume (hairy vetch) cover crop alone or legume
cover crop combined with compost have resulted in higher proportions of protozoan and
fungal biomarkers (Carrera et al., 2007).
Novel non-living tree-row mulches made from shredded paper, wood chips, and
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straw have a higher C content than that provided by living mulches and groundcover
residues. These C rich inputs are associated with increased organic matter content, soil
microbial biomass and activity, and in some instances, increased N availability over time
(Atucha et al., 2011). Agricultural soils treated with straw mulch, particularly in repeated
applications over a prolonged period of time, have been associated with increased
cellulolytic enzyme activity (Sharma et al., 1998) and increased fungal biomass (GarciaOrenes et al., 2013). Differences in microbial composition have been reported when
carbon rich mulches are applied to the soil surface but not incorporated into the soil as in
tillage systems. The spatial separation between C rich straw and soil mineral N fosters
hyphal bridges, which allow fungi to access both resources (Stahl et al., 1999). Fungal
biomass is reported to have a greater C assimilation efficiency than bacterial biomass and
greater N retention (Holland and Coleman, 1987).
Microbial community composition or structure is the multi-species assemblage of
microbes that live together in a contiguous environment (Konopka, 2009). Microbial
abundance evenness suggests no one microbial taxa dominates others, and the soil
ecological balance is persistent (Elliot and Lynch, 1994). The biogeochemical processes
these microbial assemblages initiate determine microbial community function (Hallin et
al., 2009). The importance of microbial diversity to soil process function remains an
important question in microbial ecology. Some research indicates that a reduction in
microbial diversity precedes declining ecosystem function (Welbaum et al., 2004). Yet,
the importance of microbial diversity to ecosystem stability and resilience is still a source
of debate (Nannipieri et al., 2003; Waide et al., 1999). A reduction of any one group of
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species is presumed to be of little consequence because other groups of microbes will
likely fulfill the niche and perform the same function (Nannipieri et al. 2003). Therefore,
in addition to describing the distribution and abundance of different species, an
assessment of functional diversity and redundancy may provide a more meaningful
characterization of soil ecosystem stability and soil function (Gaston, 1996; Griffiths et
al., 1998).
Approximations of soil function are often described in terms of enzymatic
potentials and microbial respiration rates (Das and Varma, 2011). Enzymes provide the
mechanism for all biochemical reactions to proceed, including the speed at which plant
residues and other forms of organic matter decompose and release nutrients (Sinsabaugh
et al., 1991). In soils, microorganisms are the principal source of enzymes. To a lesser
extent, enzymes originate from plant debris, root exudates and soil nematodes. Soil
enzymes are increasingly being used as a potential indicator of soil quality due to their
ease of measurement and sensitivity to changes in agricultural practices, which may
reflect positive or negative effects before other measurable changes can be detected
(Dick, 1984; Dick et al., 1994; Nannipieri et al., 2002). Still, these methods do not
provide information about the community structure of microorganisms that drive soil
biochemical processes. A better understanding of soil ecosystem function in response to
agricultural management may be improved by linking enzyme activities to measures of
the size and composition of microbial functional groups (Hallin et al., 2009; Kandeler et
al., 2011).
Molecular tools, such as functional gene arrays (FGA) are a type of microarray
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developed to detect the presence and abundance of a large number of genes responsible
for various environmental processes (Yergeau et al., 2007; Zhou et al., 2008). The
GeoChip 3.0 is a FGA containing 28,000 probes and 57,000 gene sequences from 292
functional gene families canvassing a wide variety of biochemical processes from soil,
water, marine sediments among other habitats (He et al. 2010). The array contains probes
for genes with known biological functions making it a useful tool to link microbial
diversity and abundance to ecosystem processes and function. Some recent studies have
used them to quantify the impact of agricultural management on microbial community
structure and soil processes (Reeve et al., 2010; Xue et al., 2013). Reeve et al., (2010)
found that functional gene composition and soil processes were impacted by different
agricultural management practices and soil type, with a correlation between functional
gene signal intensity (SI) and corresponding soil chemical and biological processes such
as increased microbial biomass (p<0.05), cellulase (p<0.05), dehydrogenase (p<0.10),
and N-mineralization (p<0.10). Research by Xue et al., (2013) detected a greater
functional diversity of genes involved in C, N, phosphorus (P), and sulfur (S) cycling in
organic and reduced input compared to conventionally managed soils. Additionally,
functional genes detected in organic and reduced input soils were also strongly correlated
with environmental variables such as soil total C and N content, N availability, soil
structure, and crop yield (Xue et al., 2013).
Orchard soils subjected to different management approaches may alter microbial
community composition, which can have significant impacts on biological processes
related to soil nutrient turnover and retention (Stark et al., 2008). More research is needed
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to determine what impact organic inputs of varying quality and quantity, applied to tilled
and non-tilled soils, have on the structure and functional dynamics of soil microbial
communities. Identifying potential differences in microbial community structure and
function may infer what influence orchard management practices have on nutrient
cycling processes. The objective of this study was to 1) characterize the size, diversity
and functional capacity of microbial communities related to C, N and P cycling in soils
subjected to different orchard floor management, and 2) determine if a correlation exists
between functional gene SI and corresponding laboratory determined soil chemical and
biological processes.
2. Materials and methods
2.1. Orchard management systems
A long-term orchard systems trial was initiated in 2008 at the Agricultural
Experimental Station in Kaysville, Utah (41° 1'16.73"N, 111°55'43.37"W) to identify the
benefits and tradeoffs of different organic orchard floor management strategies (Reeve et
al., 2013). The site location is classified as a Kidman fine-sandy loam, with well drained,
high pH soils (https://soilseries.sc.egov.usda.gov), receiving an average 330 mm of
annual precipitation. Three of the six treatments in the certified organic peach orchard
were selected for use in this study: straw mulch (either wheat (Triticum aestivum L.) or
barley (Hordeum vulgare L.)) with the legume, Birdsfoot Trefoil (Lotus corniculatus L.)
in the alleyway (StTr), living mulch (shallow rooted Alyssum, Lobularia maritima (L.)
Desv.) with trefoil alleyway (LmTr), and tillage with grass (Festuca rubra L. and Lolium
perenne L.) alleyway (TiGr). Each plot consisted of 3 rows of 5 trees spaced 2.44 m in-
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row by 4.88 m between rows. Straw mulched treatments received one 0.1 m3 bale per 5
trees or 1 T/ha each March. The living mulch tree-rows were originally planted with
alyssum, with the objective of establishing a cover crop that would reseed itself annually
with minimal maintenance requirements. However, this treatment reverted to natural
vegetation within two growing seasons. The living mulch and straw mulch tree-rows
were managed with a sandwich tillage system (Hoagland et al., 2008), which consists of a
narrow 0.3 m tilled strip maintained between the tree-row and alleyway.
Fertilizers were applied to the tillage strip and incorporated to increase infiltration
and reduce competition between trees and groundcovers. Fertilizers were broadcast
across the tree-row in the tillage treatment. Each plot received 17 g N from chicken
manure in early 2008 and bovine paunch manure compost was applied supplying 24, 32,
51, and 31 g total N per tree in 2009, 2010, 2011, and 2012 respectively, assuming
available N was between 20 to 30%. An organically approved feather meal product
(NatureSafe, 13-0-0) was also applied in late May of 2011 and 2012, at an approximate
rate of 63 and 137 g of additional N per tree, respectively. The baseline rate was adjusted
up or down on a plot basis depending on tree growth. The tillage treatment tree-rows
were tilled to a 10 cm depth across the tree-row approximately once per month. Living
mulches and weeds in non-tilled tree-row treatments were mowed approximately once
per month. The orchard alleyways were also mowed monthly and the plant biomass from
the trefoil alleyway treatments blown into the tree-row and allowed to remain on the
surface.
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2.2. Soil sampling
To avoid boundary affects from adjacent treatments, data were collected from the
three centermost trees in the plot. Soil samples were collected in July 2012 from within
the tree-row (between the tillage strips in the StTr an LmTr treatments) to a depth of 0 to
10 cm. Each sample consisted of nine homogenized sub-samples collected from within
the drip line of orchard trees. Samples were sieved (2 mm) then stored at -20°C until
further processing.
2.3. Microarray analysis
Genomic DNA was extracted from 10g of each soil sample using a soil DNA
extraction kit (Powersoil DNA Isolation Kit, Mo Bio Laboratories Inc., Carlsbad, CA).
Extracted DNA was purified using the Wizard DNA Clean-up system (Promega Corp.
Madison, WI). Purified DNA quality was assessed for a 260/280 ratio ≥ 1.8 and a
260/230 ratio ≥ 1.7 with a spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE). The purified extracted DNA was sent to the Molecular Microbial
Ecology Group at the University of Oklahoma for amplification using a TempliPhi
amplification kit. Next, 2-5 μg DNA was fluorescently labeled by random priming with
Cy-3 and Cy-5 dye, and further purified with QIAquick PCR purification columns.
Finally, samples were hybridized to a GeoChip 3.0 microarray plate (He et al., 2010;
Glomics Inc., Norman, OK), which was then washed scanned with the ProScan Array
(Perkin Elmer, Waltham, Massachusetts). The GeoChip 3.0 microarray was used to
detect and quantify functional genes individually and within functional groups. The
scanned images were visualized in Imagene genotyping analysis software, where the
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intensity of each fluorescent probe was quantified to determine the abundance, presence
and absence of each gene for each sample. The signal-to noise ratio (SNR) was calculated
as: SNR = (signal mean - background mean) / (background standard deviation). A
minimum signal threshold was set at SNR >2.0 (Reeve et al., 2010). Probes below the
SNR cutoff and/or were <1.3 times the background intensity were removed from the
analysis. Gene overlap between treatments was calculated based on the number of genes
detected in all three treatments. Overlapping and unique genes detected in each treatment
were divided over all detected genes to calculate the proportion of overlapping and
unique genes within each treatment. Community diversity was assessed by the number of
probes that were detected and met the above criteria from each sample, and with the
Shannon Weiner diversity index (Shannon and Weaver, 1963).
2.4. Soil biochemical analyses
The following chemical and biological parameters were performed on the
collected soils: Total C (TC), inorganic C (IC) and TN were determined for air dried, and
finely ground (<0.2 µm) soils with PrimacsSNC total C and N analyzers (Skalar Inc.,
Buford, GA). Total organic C (TOC) was determined based on the calculated difference
between TC and IC. Measures of readily mineralized carbon, basal respiration and
substrate induced respiration were conducted following the methods outlined by
Anderson and Domsch (1978). Dehydrogenase and alkaline and acid phosphatase
potential was performed according to Tabatabai (1994). The enzyme assay for N-acetylβ-glucosaminidase, an indicator of chitin degradation and N-mineralization potential, was
assessed according to Parnham and Deng (2000). Urease activity was measured following
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the methods described in Kandeler et al. (2011). Nitrification assays were carried
according to Hart et al. (1994) (Culumber et al. Chapter II).
2.5. Statistical analysis
Signal intensity values were transformed by logarithm function of base 10 before
statistical analysis. Signal intensity differences between the three treatments was tested
using PROC GLIMMIX (SAS Institute, Cary, NC. USA), for each individual gene, with
block as a random factor and treatment a fixed factor. Pairwise difference of least squares
means were adjusted by Tukey method. Significance levels were predefined at 0.05 level.
Differences and similarities in gene abundances and soil enzyme assays (described
below) between agricultural treatments were tested using analysis of molecular variance
(ANOVA) (SAS Institute Cary, NC, USA).
3. Results
A total of 17,787 genes with a signal to noise ratio greater >2 in two of four
replicates in at least one of three treatments (Table 5-1). Nearly 99.5% of the detected
genes (17,698) were found in all three treatments, 78 genes overlapped between two
treatments, and 11 genes were unique to the StTr treatment (Table 5-1). Forty-five genes
were specific to StTr and LmTr and were not found in the TiGr treatment. Thirty-one
genes were detected in StTr and TiGr that did not occur among the LmTr samples. Many
of the genes unique to two of the three treatments, and those unique to StTr varied at the
organism species level, with few apparent differences in terms of soil process function.
There were no differences between treatments in the Shannon-Weaver diversity index for
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different nutrient cycling categories (Fig. 5-1) or among the major gene categories tested
(Table 5-2).
Although the different treatments did not differ in terms of the presence or
absence of specific functional genes, 1,703 genes (9.0%) differed in SI between the
different treatments. The TiGr treatment had a higher SI in 7.3% (1302 genes) of all
overlapping genes when compared with the StTr treatment (Table 5-2) and 2.3% (410) in
comparison to LmTr (Table 5-2). Likewise, the LmTr treatment was significantly higher
than StTr for 2.1% (367 genes) of overlapping genes (Table. 5-2). The majority of the
probes with varying SI were bacterial genes with functions corresponding to C cycling
(40%), and organic remediation (25%), and to a lesser extent, genes fundamental to N
(13%), P (4%), and S cycling (8%). Variation in signal strength in the C cycling
categories was predominated by genes responsible for C degradation and fixation in all
treatment pairwise comparisons. Higher signal intensities were observed among genes
responsible for the active C starch decomposition (α-amylase and glucoamylase) (Table
5-2). Fewer significantly different genes were observed for increasing recalcitrant C
compounds such as lignin (e.g. phenol oxidase). Carbon fixation genes, namely those
related to the Calvin cycle and the reductive acetyl CCoA pathway, were also notably
more intense in TiGr compared to StTr and LmTr, and in LmTr over StTr. Fewer
significant differences in SI were present for N, P, and S cycling genes, but treatments
with greater counts of statistically significant SI followed the same hierarchical pattern;
TiGr > LmTr > StTr. Key N-cycling processes including ammonification, nitrification,
and N-fixation comprised less than 4% of total detected genes. The majority of
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differences between TiGr and StTr for N cycling corresponded to denitrification, nitrite
reductases (nirK, nirS, norB, nosZ) (Table 5-2). Phosphorus cycling genes were mainly
related to polyphosphate synthesis (ppK) and degradation (ppX), and S oxidation (soxY)
and sulfite reduction (dsrA and dsrB). Organic remediation comprised a considerable
portion (25%) of all overlapping genes, with the most distinguished functional categories
corresponding to aromatic carboxylic acids, herbicide and pesticide remediation. Metal
homeostasis genes corresponding to arsenic, mercury and tellurium detoxification were
also found.
In contrast to the higher overall gene SI in the TiGr treatment, TiGr had the
lowest responses for the laboratory measured processes in comparison to StTr and LmTr
treatments (Table 5-3). The TiGr had statistically lower levels of microbial biomass, total
organic C and N, and enzyme activities indicative of greater C, N and P nutrient cycling
potential than both the StTr and LmTr treatments. Neither gene SI nor diversity measures
between treatments demonstrated a relationship to laboratory measured parameters
(Table 5-4).
4. Discussion
The objective of this study was to characterize the microbial community structure
and function of soils subjected to different orchard floor management practices, and
establish if the identified microbial community functional structure and abundance agrees
with corresponding laboratory measured chemical and biological processes. We expected
that the non-tilled treatments with inputs from either organic mulches or resident
vegetation in the treerow, combined with trefoil residues from orchard mowing, would
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provide the most resources for net secondary production for a variety of microorganisms
(Horwath, 2007). The laboratory determined indicators of soil biochemical processes
reported here (Table 5-3) and elsewhere in related studies (Culumber et al. Chapter II)
give support to this assumption. However, few differences were identified in soil
microbial community size and structure (Table 5-1) and functional diversity (Fig. 5-1)
with the Geochip microarray to distinguish non-tilled and tilled soil treatments. In fact,
tillage resulted in greater gene frequency than the two trefoil treatments, mainly among
bacterial genes related to labile C degradation, C fixation, N, P and S cycling, as well as
organic remediation and metal homeostasis (Table 5-2).
Of the 1703 overlapping genes, the TiGr treatments had the most frequent cases
of higher signal intensity for individual genes (Table 5-2). The majority of these genes
associated with degradation of active C and C fixation. The C fixation genes were mainly
characterized by heterotrophic proteobacteria (data not shown). Disturbed soils have been
associated with higher proportion of bacterial to fungal biomass composition (Frey et al.
1999). The bacterial C to N ratio is smaller than that of fungi, and therefore generally
requires more easily degradable sources of C to maintain biomass. This suggests tillage
practices promote rapid degradation and mineralization of readily decomposed labile C
compounds, but are less apt to degrade complex stabilized sources of C (Boer et al.,
2005; Lienhard et al., 2013; Six et al., 2002). Few if any laboratory C cycling indicators
distinguished the LmTr from the StTr treatment. Although, LmTr samples had higher SI
than StTr for C cycling genes. A greater presence of microbes corresponding to C
degradation and C fixation in the LmTr over the StTr could be in response to greater
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quantities of high quality inputs provided by the LmTr over the StTr treatment. Different
litter sources of varying quality in natural systems, have been shown to alter the
efficiency by which microbes utilize C (Anderson and Domsch, 1990; Bardgett and
Shine, 1999; Dehlin et al., 2006).
Fewer differences were noted among genes corresponding to N, P, and S cycling.
Higher SI among denitrification genes (nirK, nirS, norB, nosZ) were found in TiGr
compared to StTr. Several studies have shown that denitrification rates are likely to be
higher in non-tilled than tilled soils (Doran, 1980; Rice and Smith, 1982). Although
frequent tillage may temporarily aerate the soil, repeated disturbance destroys soil
aggregates. A loss in soil structure exposes protected organic matter to more rapid
decomposition, and reduces porosity for air flow through the soil, which could create
more instances of anoxic conditions in systems subjected to frequent wetting with
irrigation (Calderón et al. 2001; Jackson et al. 2003).
Our microarray analysis results found few differences between tillage and nontilled treatments that received additional organic matter inputs. Other studies have shown
tillage practices have negative impacts on soil microbial communities when compared to
reduced and no tillage systems (Cookson et al. 2008; Ge et al. 2016). The site on which
this trial was conducted had been under organic management for four years, which may
not have been an adequate period of time to see significant divergence in microbial
community composition and diversity in response to different orchard floor management
practices. The significantly higher SI corresponding to C, N, P and S cycling genes under
tillage could be interpreted as an increased capacity to turnover and mineralize nutrients.
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However, analogous laboratory determined soil chemical and biological properties (Table
5-3) had a much different outcome, pointing to a degradative effect of tillage on nutrient
cycling potential.
A possible explanation for the contradiction between microarray and soil process
variables is that analyzed genomic DNA material represents both active and inactive
(dormant or dead biomass) microbial cells. Higher SI in tillage samples may reflect
repeated short-term increases in microbial biomass and accelerated turnover in organic
matter after cultivation events (Calderón et al. 2001). Both active and inactive DNA
indiscriminately hybridize to microarray probes and it is not possible to determine what
portion of the resulting SI represent inactive copies of genes (Gentry et al. 2006; Reeve et
al. 2010). A standard amount (2-5 µg) of amplified DNA was hybridized to the
microarray for each sample, therefore the array data does not reflect differences in
absolute amounts microbial biomass C/g soil, but rather the relative amount of the
different probes per unit of amplified DNA. Some studies use rRNA or the mRNA that it
transcribes, in order to more effectively target the active population of microbes.
However, the use of DNA was deemed appropriate because it has been shown to be
representative of the soils overall functional potential in response to agricultural
management (Reeve et al. 2010). Another possibility is that the DNA extraction process
was biased towards bacterial microorganisms (Feinstein et al. 2009), as may be suggested
by the high proportion of bacterial genes in comparison to Archaea and Eukaryotes
(fungal) numbers (Table 5-2). Fungal biomass accumulation has been shown to be higher
under non-tilled soils (Frey et al. 1999). If fungal communities were underrepresented on
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the array, this may have affected the resulting summarization of soil microbial
community structure and functional gene presence. The potential of functional gene
arrays to characterize soil microbial community function and structure in response to
organic management has been compelling in other studies (Reeve et al. 2010; Xue et al.
2013). Continued research is needed to determine if functional gene arrays have a
stronger relationship with corresponding soil processes than what is reported here.
5. Conclusions
In summary, the objective of this study was to characterize the microbial
functional and structural abundance of key nutrient cycling genes, in soils subjected to
different orchard floor management practices. Few structural and functional differences
were identified among genes on the array. Comparisons of gene frequency in overlapping
genes resulted in the greatest SI in the tilled orchard soils for C, N, P and S related
nutrient cycling categories. In contrast, selected corresponding chemical and biological
laboratory assays resulted in significantly lower levels of C, N, P, and S cycling in TiGr
compared to the StTr and LmTr treatments. Although the LmTr had overall higher SI
intensity for overlapping genes, few differences were noted between the StTr and LmTr
for the measured soil processes. Comparisons between the identified genes assemblages
with corresponding chemical and biological processes identified as important to nutrient
cycling and retention were not correlated.
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Tables
Table 5-1
Number of overall, overlapping (italicized) and unique genes (boldface type) in soils
subjected to three different orchard floor management treatments. Numbers () indicate
treatment standard error for estimate mean diversity values.
Parameter
No. genes
StTr
LmTr
TiGr
No genes in treatments
Mean diversity (Shannon-Weaver)

StTr

LmTr

TiGr

11

17,743
0

17,785
8.78 (0.04)

17,743
8.88 (0.14)

17,729
17,170
0
17,729
9.11 (0.08)

Table 5-2
Total number of genes with a significantly higher (p≤0.05) gene intensity for major gene categories in comparisons between straw
mulch with trefoil alleyway (StTr), living mulch with trefoil alleyway (LmTr), and tillage with grass alleyway (TiGr).
detected genes
Gene category
Fungi
Bacteria
Archaea
Other/Unknown
Total
Carbon cycling

Sub-category

C fixation
C degradation
Starch
Chitin
Hemicellulose
Cellulose
Pectin
Lignin

1,134
15,912
407
334
17,787
7,549
1,988
5,446
1,944
815
747
385
536
259

Nitrogen
Ammonification
Nitrification
Denitrification
N fixation

StTr vs. TiGr
StTr
TiGr
0
69
6
1164
0
43
1
36
7
1302
1
510
11
136
39
367
0
129
1
53
0
49
0
37
0
28
0
15
2
176
0
23
0
2
1
91
0
29
0
51
0
0
12
336
1
90

LmTr vs. TiGr
LmTr
TiGr
13
14
67
369
2
13
4
14
86
410
46
123
9
40
37
123
16
33
4
14
4
7
5
7
2
7
3
4
10
53
0
8
1
0
2
34
3
5
5
18
0
0
13
85
3
25

140

Phosphorus
Sulfur
Organic Remediation
Metal Homeostasis

354
36
1,215
345
768
1472
3,988
1,308

StTr vs LmTr
StTr
LmTr
1
25
8
316
1
9
2
17
12
367
7
148
16
40
30
109
2
38
0
10
1
10
0
12
1
8
0
8
0
36
0
6
0
0
0
17
0
4
0
15
0
0
0
77
2
29

Table 5-3
Laboratory quantified soil chemical processes mean outcomes for three different orchard treatment soils.

Process
Microbial Biomass
Readily Mineralized C
Dehydrogenases
Urease
Nitrification
Total organic C
Total soil N
N-acetyl-B-glucosaminidase
Acid phosphatase
Alkaline phosphatase

Units
μg CO2-C g-1 soil
μg TPF g soil hr -1
μg NH4+ g-1soil hr-1
μg p-nitrophenol g-1 soil
g kg-1 soil
g kg-1 soil
μg p-nitrophenol g-1 soil hr-1
μg p-nitrophenol g-1 soil hr-1
μg p-nitrophenol g-1 soil hr-1

StTr
255.4 aa
22.92 a
7.278 a
70.57 a
0.351 ab
15.50 a
1.570 a
142.3 a
466.1 a
175.4 a

LmTr
282.0 a
22.91 a
7.133 a
77.25 a
0.498 a
15.90 a
1.740 a
136.4 a
468.5 a
120.2 b

TiGr
119.9 b
16.82 b
3.899 b
39.76 b
0.224 b
13.10 b
1.390 b
51.38 b
252.2 b
92.38 c

a

Different letters in the same row represent significant differences between treatments as determined
by ANOVA least square means estimates.
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Table 5-4
Pearson correlation coefficient between the Geochip identified functional group signal intensity and corresponding laboratory
quantified soil chemical processes.

GeoChip category
All
All
Sum of all dehydrogenases
Ammonification
Nitrification
C cycling
N cycling
Chitin degradation
P cycling
P cycling

Process
Microbial Biomass
Readily Mineralized C
Dehydrogenases
Urease
Nitrification
Total organic C
Total soil N
N-acetyl-B-glucosaminidase
Acid phosphatase
Alkaline phosphatase

2

overall r
-0.718
-0.817
-0.753
-0.759
-0.475
-0.713
-0.481
-0.844
-0.806
-0.996

overall
p-value
0.490
0.391
0.457
0.451
0.685
0.494
0.681
0.360
0.403
0.056

diversity r
-0.893
0.939
-0.956
-0.837
0.939
-0.907
-0.697
-0.778
-0.918
-0.952

2

diversity
p-value
0.297
0.224
0.189
0.369
0.224
0.277
0.508
0.432
0.260
0.199

142

143

shannon Weaver Diversity Index

Figures

10
9
8
7
6
5
4
3
2
1
0

StTr
LiTr
TiGr

Fig. 5-1. Shannon Weaver diversity estimates for major gene categories in soils under
three different orchard floor management treatments, straw mulch tree-row with trefoil
alleyway (StTr), living mulch tree-row with trefoil alleyway (LmTr), and tillage with a
grass alleyway (TiGr).
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CHAPTER VI
CONCLUSION
The objective of this study was to determine if management approaches that
incorporate a diversity of organic inputs supplied by mulches and groundcovers can
promote long-term soil health and fertility resulting in adequate tree growth, without
considerable increase in water use. New orchard floor management approaches need to
be developed to address findings that suggest commonly used turf grass alleyways restrict
root growth to inter-row spaces, which adversely impacts tree growth. Competition is
worsened in organic systems that have few effective means to control weedy vegetation
in the tree-row. Two industry standards, tillage and weed fabric effectively control
weeds, yet questions remain about the long-term impacts of these management practices
on tree and soil health. Legume groundcovers have been shown in previous studies to
increase levels of soil organic C and N and microbial activity among other beneficial
indicators. However, these covers are usually established in the tree-row where the
adverse effects of competition on tree growth exceeds benefits afforded by enhanced soil
quality. This trial was unique from other orchard experiments because few studies have
explored the soil quality, water use and tree growth impacts of leguminous alleyway
groundcovers used in combination with different tree-row mulches.
Consistently higher values for indicators of potential chemical and biological
activity and total C and N, suggests incorporating trefoil groundcovers into orchard
alleyways enhances soil organic matter and promotes a balance of mineralization and
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immobilization processes to a greater extent than turf grass alleyways or the industry
standards. However, an analysis of soil microbial community structure, function and
diversity did not provide substantive evidence that orchard floor management had greatly
altered the microbial functional composition assumedly related to underlying soil
processes.
Enhancements in nutrient cycling and retention coincided with increased tree
growth. Trees grown with trefoil in the alleyways exceeded the average size of identical
managed tree-rows with grass alleyways after two years, and trees with tilled rows after
three years. An investigation of the effects of groundcover management on tree root
distribution and N uptake found trees grown with trefoil resulted in significantly higher
root biomass and diameter, and significantly lower tree-leaf 𝜹15N natural abundance
compared to grass. The negative impacts of grass alleyways when combined with straw
and living–mulch tree-row management was clear, as these trees had significantly lower
root biomass, root diameter and tree size than trefoil treatments. A greater abundance of
tree roots likely increased fruit trees ability to utilize N sources derived from either
mineralized residues or rhizodeposition of N exudates from living-legume roots. The
direct transfer of N from legumes roots to fruit trees via mycorrhizal hyphae is another
possible mechanism that needs further study. A more detailed investigation of temporal
changes in δ15N tree components and the biologically active soil N pools in the tree-row
and the alleyway, may further elucidate the relationship between orchard legume
alleyways and nutrient uptake responses in fruit trees.
Increased water use is presumed to be one of the primary drawbacks to the
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adoption of legumes and in-row groundcovers in orchards, especially in semi-arid to arid
regions that require irrigation. Few consistent differences were found among orchard
treatments for water use (mm/week) or tree water stress (Mpa). Most notably, few
differences were found between groundcovers with characteristically higher water use
needs and treatments designed to limit vegetative growth. Trends indicate slightly higher
water use in trefoil than grass, but not enough to offset the observed soil quality and tree
growth benefits. Orchard floor established trefoil and turf grass alleyway monocultures
rapidly shifted to groundcovers with similar proportions of legumes to grasses over time.
Further research is necessary to determine if water use between grasses and trefoil is
really the same or if the resulting mixed groundcover vegetation was responsible for a
lack of treatment differences. These findings suggest incorporating trefoil groundcovers
into orchard alleyways may provide ecological benefits such as improved soil quality and
fertility without substantial increases in water use.
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APPENDIX A
TABLES
Table A1. General linear mixed model comparing tree-row and alleyway main effects
with year for soil Organic C.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.83 0.3849

alleyway

1

9

19.8 0.0016

tree-row*alleyway

1

9

0.37 0.5558

year

1

12

0.04 0.8486

tree-row*year

1

12

1.31 0.2750

alleyway*year

1

12

1.54 0.2382

tree-row*alleyway*year

1

12

0.83 0.3791
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Table A2. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) average organic C contrasted with the industry
standard, tillage overall and within different years.

Effect

Contrast

Standard
Estimate Error DF

t Value Pr > |t|

Straw v Tillage

0.2484

0.0913

12

2.72

0.0186

Living mulch v Tillage 0.1841

0.0913

12

2.02

0.0668

Trefoil v Tillage

0.3731

0.0913

12

4.09

0.0015

Grass v Tillage

0.05938 0.0913

12

0.65

0.5278

Straw v Tillage

0.3681

0.1291

15

2.85

0.0121

Living mulch v Tillage 0.2231

0.1291

15

1.73

0.1045

Trefoil v Tillage

0.4962

0.1291

15

3.84

0.0016

Grass v Tillage

0.09500 0.1291

15

0.74

0.4732

Straw v Tillage

0.1288

0.1291

15

1.00

0.3345

Living mulch v Tillage 0.1450

0.1291

15

1.12

0.2791

Trefoil v Tillage

0.2500

0.1291

15

1.94

0.0719

Grass v Tillage

0.02375 0.1291

15

0.18

0.8565

organic C
Overall

2011

2012
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Table A3. General linear mixed model comparing tree-row and alleyway main effects
with year for total N.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.95 0.3541

alleyway

1

9

14.09 0.0045

tree-row*alleyway

1

9

1.52 0.2485

year

1

12

1.42 0.2572

tree-row*year

1

12

5.57 0.0361

alleyway*year

1

12

0.00 0.9543

tree-row*alleyway*year

1

12

0.34 0.5693
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Table A4. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) average total N contrasted with the industry standard,
tillage overall and within different years.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

0.01188 0.009285 12

1.28

0.2251

Living mulch v Tillage 0.01900 0.009285 12

2.05

0.0633

Trefoil v Tillage

0.02913 0.009285 12

3.14

0.0086

Grass v Tillage

0.001750 0.009285 12

0.19

0.8537

Straw v Tillage

0.02237 0.01229 15

1.82

0.0886

Living mulch v Tillage 0.01437 0.01229 15

1.17

0.2602

Trefoil v Tillage

0.03187 0.01229 15

2.59

0.0203

Grass v Tillage

0.004875 0.01229 15

0.40

0.6971

Straw v Tillage

0.001375 0.01229 15

0.11

0.9124

Living mulch v Tillage 0.02363 0.01229 15

1.92

0.0737

Trefoil v Tillage

0.02638 0.01229 15

2.15

0.0486

Grass v Tillage

-0.00137 0.01229 15

-0.11

0.9124

Total N
Overall

2011

2012
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Table A5. General linear mixed model comparing tree-row and alleyway main effects
with year for readily mineralized carbon (Cmin).
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

1.49 0.2528

alleyway

1

9

4.92 0.0537

tree-row*alleyway

1

9

2.06 0.1846

year

1

12

12.30 0.0043

tree-row*year

1

12

0.34 0.5685

alleyway*year

1

12

9.78 0.0087

tree-row*alleyway*year

1

12

3.94 0.0706
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Table A6. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) average readily mineralized carbon (Cmin) contrasted
with the industry standard, tillage overall and within different years.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

1.5523

1.1518

12

1.35

0.2026

Living mulch v Tillage 2.5655

1.1518

12

2.23

0.0458

Trefoil v Tillage

2.9788

1.1518

12

2.59

0.0238

Grass v Tillage

1.1390

1.1518

12

0.99

0.3422

Straw v Tillage

-0.5870 1.4790

15

-0.40

0.6970

Living mulch v Tillage 0.005579 1.4790

15

0.00

0.9970

Trefoil v Tillage

-0.4928 1.4790

15

-0.33

0.7436

Grass v Tillage

-0.08866 1.4790

15

-0.06

0.9530

Straw v Tillage

3.6915

1.4790

15

2.50

0.0247

Living mulch v Tillage 5.1255

1.4790

15

3.47

0.0035

Trefoil v Tillage

6.4504

1.4790

15

4.36

0.0006

Grass v Tillage

2.3666

1.4790

15

1.60

0.1304

Readily
mineralized C
overall

2011

2012
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Table A7. General linear mixed model comparing tree-row and alleyway main effects
with year for microbial basal respiration (BR).

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.04 0.8370

alleyway

1

9

5.16 0.0493

tree-row*alleyway

1

9

0.38 0.5544

year

1

11

41.53 <.0001

tree-row*year

1

11

0.47 0.5078

alleyway*year

1

11

5.22 0.0432

tree-row*alleyway*year

1

11

0.09 0.7658
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Table A8. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) average microbial basal respiration (BR) contrasted
with the industry standard, tillage overall and within different years.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

0.2043

0.2088

12

0.98

0.3471

Living mulch v Tillage 0.2466

0.2062

12

1.20

0.2548

Trefoil v Tillage

0.4459

0.2088

12

2.14

0.0540

Grass v Tillage

0.0050

0.2062

12

0.02

0.9810

Straw v Tillage

0.2207

0.2877

14

0.77

0.4559

Living mulch v Tillage 0.1431

0.2800

14

0.51

0.6172

Trefoil v Tillage

0.2002

0.2877

14

0.70

0.4980

Grass v Tillage

0.1636

0.2800

14

0.58

0.5683

Straw v Tillage

0.1880

0.2800

14

0.67

0.5128

Living mulch v Tillage 0.3501

0.2800

14

1.25

0.2316

Trefoil v Tillage

0.6916

0.2800

14

2.47

0.0270

Grass v Tillage

-0.1536 0.2800

14

-0.55

0.5919

BR
overall

2011

2012
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Table A9. General linear mixed model comparing tree-row and alleyway main effects
with year for microbial biomass (Cmic).
Effect

Num DF Den DF F Value

Pr > F

tree-row

1

9

0.79

0.3981

alleyway

1

9

101.11

<.0001

tree-row*alleyway

1

9

2.38

0.1573

year

1

11

356.77

<.0001

tree-row*year

1

11

0.05

0.8250

alleyway*year

1

11

23.86

0.0005

tree-row*alleyway*year

1

11

0.27

0.6112
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Table A10. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) with the industry standard, tillage overall and within
different years.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

169.54

24.1171 12

7.03

<.0001

Living mulch v Tillage 187.73

23.8758 12

7.86

<.0001

Trefoil v Tillage

281.15

24.1171 12

11.66

<.0001

Grass v Tillage

76.1181 23.8758 12

3.19

0.0078

Straw v Tillage

91.2801 30.4710 14

3.00

0.0096

microbial
biomass
overall

2011

2012

Living mulch v Tillage 106.06

29.7011 14

3.57

0.0031

Trefoil v Tillage

163.39

30.4710 14

5.36

0.0001

Grass v Tillage

33.948

29.7011 14

1.14

0.2722

Straw v Tillage

247.80

29.7011 14

8.34

<.0001

Living mulch v Tillage 269.40

29.7011 14

9.07

<.0001

Trefoil v Tillage

398.91

29.7011 14

13.43

<.0001

Grass v Tillage

118.29

29.7011 14

3.98

0.0014
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Table A11. General linear mixed model comparing tree-row and alleyway main effects
with year for the ratio of Cmic ÷ Cmin.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.27 0.6163

alleyway

1

9

46.77 <.0001

tree-row*alleyway

1

9

7.26 0.0246

year

1

11

114.80 <.0001

tree-row*year

1

11

0.04 0.8418

alleyway*year

1

11

0.04 0.8538

tree-row*alleyway*year

1

11

3.32 0.0955
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Table A12. One-way general linear mixed model comparing microbial respiration
incubation Cmic ÷ Cmin among five orchard treatments: straw with grass (StGr), straw with
trefoil (StTr), living mulch with grass (LmGr), living mulch with trefoil (LmTr), and
tillage (TiGr) and year.
Effect

Num DF Den DF F Value Pr > F

treatment

4

12

20.76 <.0001

year

1

14

143.11 <.0001

treatment*year

4

14

0.92 0.4806
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Table A13. General linear mixed model comparing tree-row and alleyway main effects
with year for the proportion of microbial biomass C to soil organic C (% Cmic in Corg).
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

2.40 0.1555

alleyway

1

9

38.73 0.0002

tree-row*alleyway

1

9

2.15 0.1765

year

1

11

275.44 <.0001

tree-row*year

1

11

0.65 0.4367

alleyway*year

1

11

17.94 0.0014

tree-row*alleyway*year

1

11

0.07 0.7965
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Table A14. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) with the industry standard, tillage for % Cmic to Corg
overall and within different years.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

0.08346 0.01886 12

4.43

0.0008

% microbial
biomass in
organic C
overall

2011

2012

Living mulch v Tillage 0.1054

0.01866 12

5.65

0.0001

Trefoil v Tillage

0.1392

0.01886 12

7.38

<.0001

Grass v Tillage

0.04971 0.01866 12

2.66

0.0207

Straw v Tillage

0.01886 0.02408 14

0.78

0.4467

Living mulch v Tillage 0.05005 0.02347 14

2.13

0.0511

Trefoil v Tillage

0.05445 0.02408 14

2.26

0.0402

Grass v Tillage

0.01446 0.02347 14

0.62

0.5476

Straw v Tillage

0.1481

0.02347 14

6.31

<.0001

Living mulch v Tillage 0.1608

0.02347 14

6.85

<.0001

Trefoil v Tillage

0.2239

0.02347 14

9.54

<.0001

Grass v Tillage

0.08496 0.02347 14

3.62

0.0028
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Table A15. General linear mixed model comparing tree-row and alleyway main effects
with year for qCO2.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.82 0.3894

alleyway

1

9

25.08 0.0007

tree-row*alleyway

1

9

12.55 0.0063

year

1

11

0.76 0.4022

tree-row*year

1

11

5.57 0.0379

alleyway*year

1

11

4.58 0.0557

tree-row*alleyway*year

1

11

0.11 0.7432

Table A16. One-way general linear mixed model comparing microbial metabolic quotient
(qCO2) among five orchard treatments: straw with grass (StGr), straw with trefoil (StTr),
living mulch with grass (LmGr), living mulch with trefoil (LmTr), and tillage (TiGr) and
year.

Effect

Num DF Den DF F Value Pr > F

treatment

4

12

17.12 <.0001

year

1

14

0.48 0.5005

treatment*year

4

14

5.31 0.0081
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Table A17. General linear mixed model comparing tree-row and alleyway main effects
with year for assays of dehydrogenase (DHA).

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

1.68 0.2271

alleyway

1

9

59.03 <.0001

tree-row*alleyway

1

9

6.75 0.0288

year

1

12

0.62 0.4466

tree-row*year

1

12

0.20 0.6612

alleyway*year

1

12

0.07 0.7925

tree-row*alleyway*year

1

12

0.14 0.7190

Table A18. One-way general linear mixed model comparing products of dehydrogenase
assays (DHA) among five orchard treatments: straw with grass (StGr), straw with trefoil
(StTr), living mulch with grass (LmGr), living mulch with trefoil (LmTr), and tillage
(TiGr) and year.
Effect

Num DF Den DF F Value Pr > F

treatment

4

12

22.69 <.0001

year

1

15

0.52 0.4831

treatment*year

4

15

0.14 0.9654
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Table A19. General linear mixed model comparing tree-row and alleyway main effects
with year for acid phosphatase.

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.06 0.8097

alleyway

1

9

18.54 0.0020

tree-row*alleyway

1

9

1.89 0.2020

year

1

12

63.48 <.0001

tree-row*year

1

12

5.06 0.0441

alleyway*year

1

12

3.13 0.1024

tree-row*alleyway*year

1

12

0.28 0.6086
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Table A20. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) with the industry standard, tillage for acid phosphatase
overall and within different years.

Effect

Contrast

Standard
Estimate Error

DF t Value Pr > |t|

Straw v Tillage

88.7883 27.7814

12 3.20

0.0077

Living mulch v Tillage 82.6412 27.7814

12 2.97

0.0116

Trefoil v Tillage

139.08

27.7814

12 5.01

0.0003

Grass v Tillage

32.3523 27.7814

12 1.16

0.2668

Straw v Tillage

62.5275 39.2888

15 1.59

0.1324

39.2888

15 0.02

0.9874

Trefoil v Tillage

63.0282 39.2888

15 1.60

0.1295

Grass v Tillage

0.1317

39.2888

15 0.00

0.9974

Straw v Tillage

115.05

39.2888

15 2.93

0.0104

Living mulch v Tillage 164.65

39.2888

15 4.19

0.0008

Trefoil v Tillage

215.13

39.2888

15 5.48

<.0001

Grass v Tillage

64.5728 39.2888

15 1.64

0.1211

Acid
phosphatase
overall

2011

Living mulch v Tillage 0.6324

2012
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Table A21. General linear mixed model comparing tree-row and alleyway main effects
with year for alkaline phosphatase.

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.71 0.4227

alleyway

1

9

30.56 0.0004

tree-row*alleyway

1

9

1.35 0.2753

year

1

12

7.43 0.0184

tree-row*year

1

12

9.73 0.0089

alleyway*year

1

12

0.48 0.5015

tree-row*alleyway*year

1

12

0.12 0.7385
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Table A22. Comparisons between the main effects of tree-row (Straw and Living mulch)
and alleyway (Grass and Trefoil) with the industry standard, tillage for alkaline
phosphatase overall and within different years.

Effect

Standard
Estimate Error

DF

Straw v Tillage

43.9052 11.4633

12

3.83

0.0024

Living mulch v Tillage

35.4192 11.4633

12

3.09

0.0094

Trefoil v Tillage

67.5876 11.4633

12

5.90

<.0001

Grass v Tillage

11.7368 11.4633

12

1.02

0.3261

Straw v Tillage

51.0161 16.2116

15

3.15

0.0066

Living mulch v Tillage

11.0166 16.2116

15

0.68

0.5071

Trefoil v Tillage

55.4415 16.2116

15

3.42

0.0038

Grass v Tillage

6.5912 16.2116

15

0.41

0.6901

Straw v Tillage

36.7943 16.2116

15

2.27

0.0384

Living mulch v Tillage

59.8217 16.2116

15

3.69

0.0022

Trefoil v Tillage

79.7336 16.2116

15

4.92

0.0002

Grass v Tillage

16.8824 16.2116

15

1.04

0.3142

Contrast

t Value Pr > |t|

Alkaline
phosphatase
overall

2011

2012
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Table A23. General linear mixed model comparing tree-row and alleyway main effects
with month and year for μg NO3- g-1 soil.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

10.38

2.20 0.1681

alleyway

1

10.38

25.93 0.0004

tree-row*alleyway

1

10.38

0.06 0.8131

year

1

66.53

72.10 <.0001

tree-row*year

1

66.53

4.35 0.0408

alleyway*year

1

66.53

0.05 0.8244

tree-row*alleyway*year

1

66.53

0.12 0.7282

month

3

66.53

2.50 0.0667

tree-row*month

3

66.53

2.16 0.1008

alleyway*month

3

66.53

1.17 0.3275

tree-row*alleyway*month

3

66.53

0.86 0.4679

month*year

3

66.53

4.13 0.0095

tree-row*month*year

3

66.53

0.29 0.8298

alleyway*month*year

3

66.53

0.58 0.6311

tree-row*alleyway*month*year

3

66.53

0.03 0.9940
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Table A24. Contrast comparisons between the main effects of tree-row (Straw and Living
mulch) and alleyway (Grass and Trefoil) contrasted with the industry standard, tillage for
average yearly μg NO3- g-1 soil concentrations.

Effect

Contrast

Standard
Estimate Error
DF

Pr >
t Value |t|

Straw v Tillage

0.3267

0.1821

12

1.79

0.0980

Living mulch v Tillage

0.6053

0.1821

12

3.32

0.0061

Trefoil v Tillage

0.9447

0.1821

12

5.19

0.0002

Grass v Tillage

-0.01264 0.1821

12

-0.07

0.9458

Straw v Tillage

0.3911

0.2602

105

1.50

0.1358

Living mulch v Tillage

0.4109

0.2602

105

1.58

0.1173

Trefoil v Tillage

0.8935

0.2602

105

3.43

0.0009

Grass v Tillage

-0.09148 0.2602

105

-0.35

0.7258

Straw v Tillage

0.2624

0.2602

105

1.01

0.3156

Living mulch v Tillage

0.7997

0.2602

105

3.07

0.0027

Trefoil v Tillage

0.9959

0.2602

105

3.83

0.0002

Grass v Tillage

0.06620 0.2602

105

0.25

0.7996

μg NO3- g-1
soil
Overall

2011

2012
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Table A24. Continued. Contrast comparisons between the main effects of tree-row (Straw
and Living mulch) and alleyway (Grass and Trefoil) contrasted with the industry
standard, tillage for average monthly and yearly μg NO3- g-1 soil concentrations.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

μg NO3- g-1 soil
May

June

July

August

Straw v Tillage

0.7794

0.3284 105

2.37

0.0194

Living mulch v Tillage

0.6126

0.3284 105

1.87

0.0649

Trefoil v Tillage

1.0342

0.3284 105

3.15

0.0021

Grass v Tillage

0.3578

0.3284 105

1.09

0.2784

Straw v Tillage

-0.8900 0.3284 105

-2.71

0.0079

Living mulch v Tillage

-0.2959 0.3284 105

-0.90

0.3696

Trefoil v Tillage

-0.04833 0.3284 105

-0.15

0.8833

Grass v Tillage

-1.1376 0.3284 105

-3.46

0.0008

Straw v Tillage

-0.1367 0.3284 105

-0.42

0.6782

Living mulch v Tillage

-0.00836 0.3284 105

-0.03

0.9797

Trefoil v Tillage

0.5600

1.71

0.0911

Grass v Tillage

-0.7050 0.3284 105

-2.15

0.0341

Straw v Tillage

-0.7957 0.3284 105

-2.42

0.0171

Living mulch v Tillage

2.1130

0.3284 105

6.43

<.0001

Trefoil v Tillage

2.2330

0.3284 105

6.80

<.0001

Grass v Tillage

1.4342

0.3284 105

4.37

<.0001

0.3284 105
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Table A25. General linear mixed model comparing tree-row and alleyway main effects
for soil μg inorganic N kg soil-1 day-1 for a 35-day incubation.

Effect

Num DF Den DF

F Value

Pr > F

tree-row

1

9

11.56

0.0079

alleyway

1

9

2.84

0.1260

tree-row*alleyway

1

9

1.09

0.3244
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Table A26. Contrast comparisons between the main effects of tree-row (Straw and Living
mulch) and alleyway (Grass and Trefoil) with the industry standard, Tillage for μg
inorganic N kg soil-1 day-1 after a 35-day incubation.

Effect

Contrast

Standard
Estimate Error

DF t Value Pr > |t|

Straw v Tillage

0.01247 0.1048

12 0.12

0.9073

Living mulch v
Tillage

0.2392

0.1048

12 2.28

0.0414

Trefoil v Tillage

0.1214

0.06985

12 1.74

0.1078

Grass v Tillage

0.04639 0.06985

12 0.66

0.5191

μg NO3- +
NH4+

Table A27. General linear mixed model comparing tree-row and alleyway main effects
for soil nitrification rate potential within a 24 hr. incubation.

Effect

Num DF Den DF

F Value Pr > F

tree-row

1

9

3.34 0.1010

alleyway

1

9

10.76 0.0095

tree-row*alleyway

1

9

0.15 0.7046

173

Table A28. Contrast comparisons between the main effects of tree-row (Straw and Living
mulch) and alleyway (Grass and Trefoil) with the industry standard, Tillage for soil
nitrification potential within a 24 hr. incubation period.

Effect

Contrast

μg NO2--N Straw v Tillage
+ NO3--N
Living mulch v Tillage
g-1 soil hr-1
Trefoil v Tillage
Grass v Tillage

Estimate

Standard
Error DF t Value Pr > |t|

0.03163

0.07911 12

0.40 0.6963

0.1525

0.07911 12

1.93 0.0779

0.1337

0.05274 12

2.54 0.0262

-0.01097

0.05274 12

-0.21 0.8387
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APPENDIX A
FIGURES
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Fig. A1. Soil extractable P concentrations from 2011 to 2012 for five orchard treatments:
(StGr) straw with grass, (StTr) straw with trefoil, (LmGr) living mulch with grass,
(LmTr) living mulch with trefoil and (TiGr) tillage with grass. Lower case letters indicate
significant differences at the p<0.05 level in 2011 and upper case letters significant
differences in 2012.
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Fig. A2. Soil K values averaged over 2011 and 2012 for five orchard treatments: (StGr)
straw with grass, (StTr) straw with trefoil, (LmGr) living mulch with grass, (LmTr) living
mulch with trefoil, and (TiGr) tillage with grass. Different letters indicate a significant
difference at the p<0.05 level.
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APPENDIX B
TABLES
Table B1. General linear mixed model comparing tree root biomass (g cm-3) between
tree-row and alleyway main effects with core location (A, B, C, D) and depth (0-15, 1530, 30-45, and 45-60 cm) as repeated measures.
Effect

Num DF Den DF F Value Pr > F

core

3

156

3.54 0.0161

depth

3

156

14.64 <.0001

core*depth

9

156

0.58 0.8113

tree-row

1

9

0.03 0.8710

core*tree-row

3

156

1.63 0.1840

depth*tree-row

3

156

1.02 0.3854

core*depth*tree-row

9

156

0.43 0.9160

alleyway

1

9

10.05 0.0114

core*alleyway

3

156

1.13 0.3400

depth*alleyway

3

156

2.42 0.0684

core*depth*alleyway

9

156

0.92 0.5094

tree-row*alleyway

1

9

0.97 0.3494

core*tree-row*alleyway

3

156

0.24 0.8690

depth*tree-row*alleyway

3

156

0.19 0.8999

core*depth*tree-row*alleyway

9

156

0.75 0.6662
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Table B2. Root biomass (g cm-3) contrasts between the main effects of tree-row (Straw
and Living mulch) and alleyway (Grass and Trefoil) with the industry standards, tillage
and weed fabric.

Effect

Contrast

Standard
Estimate Error

DF t Value Pr > |t|

Straw v Tillage

0.05789

0.01890

15 3.06

0.0079

Living mulch v Tillage

0.05651

0.01864

15 3.03

0.0084

Trefoil v Tillage

0.08233

0.01868

15 4.41

0.0005

Grass v Tillage

0.03207

0.01887

15 1.70

0.1098

Straw v Fabric

0.04204

0.01770

15 2.38

0.0313

Living mulch v Fabric

0.04066

0.01745

15 2.33

0.0342

Trefoil v Fabric

0.06648

0.01747

15 3.80

0.0017

Grass v Fabric

0.01622

0.01768

15 0.92

0.3735

Tillage v Fabric

-0.01586 0.02108

15 -0.75

0.4636

Straw v Tillage

0.03359

0.07626

54 0.44

0.6614

Living mulch v Tillage

0.02436

0.07409

54 0.33

0.7436

Trefoil v Tillage

0.07264

0.04960

54 1.46

0.1489

Grass v Tillage

-0.03400 0.05064

54 -0.67

0.5047

Straw v Fabric

0.05035

0.07335

54 0.69

0.4954

Living mulch v Fabric

0.04112

0.07123

54 0.58

0.5662

Trefoil v Fabric

0.08381

0.04772

54 1.76

0.0847

Grass v Fabric

-0.02283 0.04868

54 -0.47

0.6409

Tillage v Fabric

0.01676

0.08554

54 0.20

0.8454

Straw v Tillage

0.06407

0.07565

54 0.85

0.4008

Living mulch v Tillage

0.1263

0.07614

54 1.66

0.1029

Trefoil v Tillage

0.07284

0.05089

54 1.43

0.1581

Grass v Tillage

0.05410

0.05026

54 1.08

0.2866

root biomass
(g cm-3)
overall

Core A

Core B
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Table B2. Continued. Root biomass (g cm-3) contrasts between the main effects of treerow (Straw and Living mulch) and alleyway (Grass and Trefoil) with the industry
standards, tillage and weed fabric.
Effect

Contrast

Core B Straw v Fabric

Estimate Standard Error DF t Value Pr > |t|
0.05256

0.07297

54 0.72

0.4745

Living mulch v Fabric

0.11480

0.07338

54 1.56

0.1235

Trefoil v Fabric

0.06516

0.04910

54 1.33

0.1901

Grass v Fabric

0.04643

0.04842

54 0.96

0.3420

Tillage v Fabric

-0.01151 0.08545

54 -0.13

0.8933

0.17640

0.07434

54 2.37

0.0213

Living mulch v Tillage

0.07979

0.07296

54 1.09

0.2790

Trefoil v Tillage

0.10540

0.04866

54 2.17

0.0347

Grass v Tillage

0.06538

0.04953

54 1.32

0.1924

Straw v Fabric

0.14710

0.07433

54 1.98

0.0529

Living mulch v Fabric

0.05050

0.07293

54 0.69

0.4917

Trefoil v Fabric

0.08588

0.04865

54 1.77

0.0832

Grass v Fabric

0.04585

0.04951

54 0.93

0.3585

Tillage v Fabric

-0.02929 0.08549

54 -0.34

0.7332

0.05576

0.07299

54 0.76

0.4483

Living mulch v Tillage

0.1086

0.07514

54 1.45

0.1542

Trefoil v Tillage

0.07846

0.04983

54 1.57

0.1212

Grass v Tillage

0.04281

0.04983

54 0.86

0.3941

Straw v Fabric

0.00223

0.07016

54 0.03

0.9747

Living mulch v Fabric

0.03750

0.07090

54 0.53

0.5991

Trefoil v Fabric

0.03107

0.04702

54 0.66

0.5116

Grass v Fabric

-0.00458 0.04702

54 -0.10

0.9227

Tillage v Fabric

-0.07109 0.08430

54 -0.84

0.4028

Core C Straw v Tillage

Core D Straw v Tillage
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Table B3. General linear mixed model comparing tree root diameter (mm) between treerow and alleyway main effects with core location (A, B, C, D) and depth (0-15, 15-30,
30-45, and 45-60 cm) as repeated measures.
Effect

Num DF Den DF F Value Pr > F

core

3

156

2.85

0.0393

depth

3

156

4.07

0.0081

core*depth

9

156

1.21

0.2911

tree-row

1

9

14.0

0.0046

core*tree-row

3

156

0.29

0.8356

depth*tree-row

3

156

1.38

0.2509

core*depth*tree-row

9

156

0.83

0.5929

alleyway

1

9

14.0

0.0045

core*alleyway

3

156

2.02

0.1128

depth*alleyway

3

156

1.83

0.1432

core*depth*alleyway

9

156

1.13

0.3426

tree-row*alleyway

1

9

0.83

0.3866

core*tree-row*alleyway

3

156

1.13

0.3377

depth*tree-row*alleyway

3

156

0.73

0.5373

core*depth*tree-row*alleyway 9

156

0.53

0.8485
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Table B4. Average root diameter (mm) contrasts between the main effects of tree-row
(Straw and Living mulch) and alleyway (Grass and Trefoil) with the industry standards,
tillage and weed fabric.

Effect

Contrast

Standard
Estimate Error

DF t Value Pr > |t|

Straw v Tillage

0.03006

15 2.37

0.0318

Living mulch v Tillage -0.00542 0.01259

15 -0.43

0.6732

Trefoil v Tillage

0.03154

15 2.50

0.0244

Grass v Tillage

-0.00690 0.01268

15 -0.54

0.5947

Straw v Fabric

0.03241

15 2.66

0.0177

Living mulch v Fabric

-0.00307 0.01206

15 -0.25

0.8025

Trefoil v Fabric

0.03389

15 2.81

0.0133

Grass v Fabric

-0.00455 0.01215

15 -0.37

0.7134

Tillage v Fabric

0.00235

0.01433

15 0.16

0.8721

Straw v Tillage

0.03689

0.04407

54 0.84

0.4062

Living mulch v Tillage -0.03032 0.04292

54 -0.71

0.4830

Trefoil v Tillage

0.04165

54 1.45

0.1528

Grass v Tillage

-0.03727 0.02927

54 -1.27

0.2084

Straw v Fabric

0.02988

54 0.71

0.4808

Living mulch v Fabric

-0.03733 0.04093

54 -0.91

0.3658

Trefoil v Fabric

0.03698

54 1.35

0.1828

Grass v Fabric

-0.04194 0.02795

54 -1.50

0.1393

Tillage v Fabric

-0.00701 0.04939

54 -0.14

0.8877

Straw v Tillage

0.04490

54 1.04

0.3030

Living mulch v Tillage -0.00654 0.04350

54 -0.15

0.8810

Trefoil v Tillage

0.02843

54 0.98

0.3327

Grass v Tillage

-0.00286 0.02868

54 -0.10

0.9210

diameter (mm)
overall

Core A

Core B

0.01270

0.01260

0.01217

0.01207

0.02872

0.04210

0.02740

0.04318

0.02909
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Table B4. continued. Average root diameter (mm) contrasts between the main effects of
tree-row (Straw and Living mulch) and alleyway (Grass and Trefoil) with the industry
standards, tillage and weed fabric.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Core B

Straw v Fabric

0.06321

0.04177 54

1.51

0.1360

Living mulch v Fabric 0.01177

0.04208 54

0.28

0.7808

Trefoil v Fabric

0.04064

0.02816 54

1.44

0.1547

Grass v Fabric

0.009349 0.02773 54

0.34

0.7374

Tillage v Fabric

0.01831

0.04891 54

0.37

0.7096

Straw v Tillage

0.05167

0.04248 54

1.22

0.2292

Living mulch v Tillage -0.01022 0.04176 54

-0.24

0.8075

Trefoil v Tillage

0.02606

0.02784 54

0.94

0.3535

Grass v Tillage

0.001571 0.02831 54

0.06

0.9560

Straw v Fabric

0.04417

1.04

0.3031

Living mulch v Fabric -0.01772 0.04175 54

-0.42

0.6729

Trefoil v Fabric

0.02106

0.76

0.4527

Grass v Fabric

-0.00343 0.02831 54

-0.12

0.9040

Tillage v Fabric

-0.00750 0.04880 54

-0.15

0.8784

Straw v Tillage

0.03983

0.04176 54

0.95

0.3445

Living mulch v Tillage 0.01459

0.04294 54

0.34

0.7353

Trefoil v Tillage

0.03003

0.02850 54

1.05

0.2967

Grass v Tillage

0.01097

0.02848 54

0.39

0.7015

Straw v Fabric

0.05719

0.04040 54

1.42

0.1626

Living mulch v Fabric 0.02487

0.04080 54

0.61

0.5447

Trefoil v Fabric

0.03688

0.02708 54

1.36

0.1788

Grass v Fabric

0.01782

0.02705 54

0.66

0.5128

Tillage v Fabric

0.01027

0.04832 54

0.21

0.8324

Core C

Core D

0.04248 54

0.02784 54
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Table B5. General linear mixed model comparing the average RLD for all diameter size
classes between tree-row and alleyway main effects with core location (A, B, C, D) and
depth (0-15, 15-30, 30-45, and 45-60 cm) as repeated measures.
Effect

Num DF Den DF F Value Pr > F

core

3

156

6.26 0.0005

depth

3

156

11.19 <.0001

core*depth

9

156

2.26 0.0211

tree-row

1

9

5.23 0.0481

core*tree-row

3

156

4.11 0.0077

depth*tree-row

3

156

0.56 0.6390

core*depth*tree-row

9

156

0.94 0.4963

alleyway

1

9

0.14 0.7171

core*alleyway

3

156

1.71 0.1674

depth*alleyway

3

156

1.12 0.3424

core*depth*alleyway

9

156

1.24 0.2753

tree-row*alleyway

1

9

1.48 0.2542

core*tree-row*alleyway

3

156

2.56 0.0570

depth*tree-row*alleyway

3

156

0.52 0.6705

core*depth*tree-row*alleyway

9

156

0.83 0.5896
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Table B6. Root length density (RLD) (cm cm-3) contrasts between the main effects of
tree-row (Straw and Living mulch) and alleyway (Grass and Trefoil) with the industry
standards, tillage and weed fabric.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

0.01761 0.01608 15

1.10

0.2908

Living mulch v Tillage 0.05012 0.01595 15

3.14

0.0067

Trefoil v Tillage

0.03554 0.01597 15

2.22

0.0419

Grass v Tillage

0.03220 0.01606 15

2.00

0.0634

Straw v Fabric

0.03534 0.01552 15

2.28

0.0379

Living mulch v Fabric

0.06785 0.01538 15

4.41

0.0005

Trefoil v Fabric

0.05327 0.01540 15

3.46

0.0035

Grass v Fabric

0.04993 0.01550 15

3.22

0.0057

Tillage v Fabric

0.01773 0.01819 15

0.97

0.3451

Straw v Tillage

0.01893 0.05524 54

0.34

0.7332

Living mulch v Tillage 0.08184 0.05386 54

1.52

0.1345

Trefoil v Tillage

0.04287 0.03604 54

1.19

0.2395

Grass v Tillage

0.02431 0.03669 54

0.66

0.5105

Straw v Fabric

0.08072 0.05361 54

1.51

0.1380

Living mulch v Fabric

0.1436

0.05212 54

2.76

0.0080

Trefoil v Fabric

0.08406 0.03488 54

2.41

0.0194

Grass v Fabric

0.06550 0.03560 54

1.84

0.0713

Tillage v Fabric

0.06178 0.06216 54

0.99

0.3247

Straw v Tillage

0.006827 0.05481 54

0.12

0.9013

0.05522 54

2.71

0.0089

Trefoil v Tillage

0.02995 0.03696 54

0.81

0.4214

Grass v Tillage

0.07452 0.03640 54

2.05

0.0455

RLD (cm cm-3)

Core A

Core B

Living mulch v Tillage 0.1499
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Table B6. continued. Root length density (cm cm-3) contrasts between the main effects of
tree-row (Straw and Living mulch) and alleyway (Grass and Trefoil) with the industry
standards, tillage and weed fabric.

Effect
Core B

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Fabric

0.03427 0.05309 54

0.65

0.5214

0.05353 54

3.31

0.0017

Trefoil v Fabric

0.04824 0.03584 54

1.35

0.1839

Grass v Fabric

0.09282 0.03526 54

2.63

0.0110

Tillage v Fabric

0.02744 0.06217 54

0.44

0.6607

Straw v Tillage

0.09114 0.05395 54

1.69

0.0969

0.05522 54

2.71

0.0089

Trefoil v Tillage

0.05764 0.03538 54

1.63

0.1091

Grass v Tillage

0.03753 0.03598 54

1.04

0.3016

Straw v Fabric

0.1279

0.05395 54

2.37

0.0214

Living mulch v Fabric 0.08834 0.05308 54

1.66

0.1018

Trefoil v Fabric

0.08212 0.03538 54

2.32

0.0241

Grass v Fabric

0.06201 0.03598 54

1.72

0.0905

Tillage v Fabric

0.03673 0.06193 54

0.59

0.5556

Straw v Tillage

-0.02679 0.05307 54

-0.50

0.6158

Living mulch v Tillage 0.01743 0.05450 54

0.32

0.7504

Trefoil v Tillage

0.01170 0.03621 54

0.32

0.7479

Grass v Tillage

-0.00756 0.03617 54

-0.21

0.8351

Straw v Fabric

-0.03081 0.05149 54

-0.60

0.5521

Living mulch v Fabric -0.00216 0.05198 54

-0.04

0.9670

Trefoil v Fabric

-0.00136 0.03451 54

-0.04

0.9688

Grass v Fabric

-0.02062 0.03447 54

-0.60

0.5521

Tillage v Fabric

-0.01959 0.06146 54

-0.32

0.7512

Living mulch v Fabric 0.1773

Core C

Living mulch v Tillage 0.1499

Core D
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Table B7. Root length density by diameter (mm) size class for treerow and alleyway
main effects contrasted with tillage and weed fabric. Different letters indicate significant
differences in the same column at the p<0.05 level.

diameter (mm) size range RLD cm cm-3
0.10 - 0.20 0.20 - 0.30 0.30 - 0.40 0.5 -1.0
Tree-row
Straw
Living mulch
Alleyway
Grass
Trefoil
Industry Standards
Tillage
Weed Fabric

0.051 b
0.081 a

0.038 b
0.054 a

0.019 b
0.024 a

0.027 a
0.026 a

0.094
0.075

0.060
0.050

0.024
0.023

0.0239
0.0248

0.054 bc
0.048 c

0.036 bc
0.029 c

0.015 bc
0.013 c

0.022 ab
0.017 b
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Table B8. δ15N natural abundance levels for fruit tree leaves in living mulch with grass
(LmGr), straw with grass (StGr), living mulch with trefoil (LmTr) and straw with trefoil
(LmTr) treatments with four reps each.
Obs block

treatment δ15N tree

1

1

LmGr

3.3

2

2

LmGr

4.6

3

3

LmGr

4.6

4

4

LmGr

6.4

5

1

StGr

6

6

2

StGr

6.7

7

3

StGr

6.4

8

4

StGr

8.6

1

1

LmTr

2.5

2

2

LmTr

2.3

3

3

LmTr

1.7

4

4

LmTr

3.5

5

1

StTr

3.2

6

2

StTr

2.7

7

3

StTr

5.4

8

4

StTr

5.3
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Table B9. T-test procedure comparing δ15N natural abundance levels for peach tree
leaves in the living mulch with grass (LmGr), straw with grass (StGr), living mulch with
trefoil (LmTr), and straw with trefoil (StTr) treatments with four reps each.

Equality of variances

Pooled T-Test

treatments

Pr > F

DF

t-value Pr > |t|

LmGr v StGr

0.8737

6

-2.56

0.0428

LmTr v StTr

0.3303

6

-2.08

0.0830

StGr v StTr

0.7544

6

3.12

0.0206

LmGr v LmTr

0.3976

6

2.99

0.0244
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APPENDIX C
TABLES

Table C1. General linear mixed model for tree-row and alleyway main effects average
water use (mm/week) by month (June to August) from 2011 to 2013.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

12.95

0.00 0.9754

alleyway

1

12.95

1.73 0.2108

tree-row*alleyway

1

12.95

0.05 0.8229

year

2

52.62

47.14 <.0001

tree-row*year

2

52.62

0.62 0.5429

alleyway*year

2

52.62

0.46 0.6338

tree-row*alleyway*year

2

52.62

0.50 0.6110

month

2

61.75

13.01 <.0001

tree-row*month

2

61.75

0.21 0.8110

alleyway*month

2

61.75

0.76 0.4704

tree-row*alleyway*month

2

61.75

1.28 0.2848

month*year

4

58.02

1.88 0.1255

tree-row*month*year

4

58.02

1.14 0.3490

alleyway*month*year

4

58.02

0.81 0.5263

tree-row*alleyway*month*year

4

58.02

0.08 0.9886
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Table C2. General linear mixed model for tree-row and alleyway main effects average
water use (mm/week) by month in 2011.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.05 0.8327

alleyway

1

9

1.17 0.3072

tree-row*alleyway

1

9

0.00 0.9815

month

2

24

22.75 <.0001

tree-row*month

2

24

1.61 0.2210

alleyway*month

2

24

0.23 0.7995

tree-row*alleyway*month

2

24

0.80 0.4622
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Table C3. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) average water use within year contrasted with Tillage and Weed Fabric controls
for 2011.

Effect Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Year
2011

Straw v Tillage

-0.1600

0.5564

14

-0.29 0.7778

Living mulch v Tillage -0.2644
Trefoil v Tillage
0.0474

0.5564

14

-0.48 0.6420

0.5564

14

0.09

Grass v Tillage
Straw v Fabric

-0.4718
0.6623

0.5564
2.9790

14
15

-0.85 0.4107
0.22 0.8271

Living mulch v Fabric

-2.1501

2.9790

15

-0.72 0.4815

Trefoil v Fabric

-0.0171

0.5805

14

-0.03 0.9769

Grass v Fabric

-0.5363

0.5805

14

-0.92 0.3712

Tillage v Fabric

-0.0323

0.3317

14

-0.10 0.9239

0.9333
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Table C4. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) water use between months in 2011 contrasted with Tillage and Weed Fabric
controls.
Effect

Contrast

Estimate Standard Error DF t Value Pr > |t|

Straw v Tillage

-0.2045

0.6186

34

-0.33

0.7430

Living mulch v Tillage

0.0403

0.6186

34

0.07

0.9484

Trefoil v Tillage

0.2587

0.6186

34

0.42

0.6784

Grass v Tillage

-0.4229

0.6186

34

-0.68

0.4989

Straw v Fabric

-0.3335

0.6530

34

-0.51

0.6128

Living mulch v Fabric

-0.0887

0.6530

34

-0.14

0.8927

Trefoil v Fabric

0.1297

0.6530

34

0.20

0.8438

Grass v Fabric

-0.5520

0.6530

34

-0.85

0.4039

Tillage v Fabric

-0.0323

0.1861

34

-0.17

0.8634

Straw v Tillage

0.4138

0.6186

34

0.67

0.5081

Living mulch v Tillage

0.3646

0.6186

34

0.59

0.5595

Trefoil v Tillage

0.6189

0.6186

34

1.00

0.3242

Grass v Tillage

0.1595

0.6186

34

0.26

0.7981

Straw v Fabric

-0.2399

0.6530

34

-0.37

0.7156

Living mulch v Fabric

-0.2892

0.6530

34

-0.44

0.6607

Trefoil v Fabric

-0.0349

0.6530

34

-0.05

0.9577

Grass v Fabric

-0.4942

0.6530

34

-0.76

0.4543

Tillage v Fabric

-0.1634

0.1861

34

-0.88

0.3859

Straw v Tillage

-0.6894

0.6186

34

-1.11

0.2729

Living mulch v Tillage

-1.1980

0.6186

34

-1.94

0.0612

month in year
2011
June

July

August
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Table C4. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) average water use between months within 2011 contrasted with
Tillage and Weed Fabric controls.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Trefoil v Tillage

-0.7354

0.6186

34

-1.19

0.2428

Grass v Tillage

-1.1520

0.6186

34

-1.86

0.0712

Straw v Fabric

-0.1001

0.6530

34

-0.15

0.8791

Living mulch v Fabric -0.6087

0.6530

34

-0.93

0.3578

Trefoil v Fabric

-0.1461

0.6530

34

-0.22

0.8243

Grass v Fabric

-0.5627

0.6530

34

-0.86

0.3949

Tillage v Fabric

0.1473

0.1861

34

0.79

0.4340

month in year
2011
August
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Table C5. General linear mixed model for tree-row and alleyway main effects average
water use (mm/week) by month in 2012.

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.27 0.6133

alleyway

1

9

3.41 0.0980

tree-row*alleyway

1

9

0.16 0.7028

month

2

23

4.21 0.0278

tree-row*month

2

23

0.13 0.8826

alleyway*month

2

23

1.14 0.3378

tree-row*alleyway*month

2

23

0.99 0.3885
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Table C6. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) average water use within year contrasted with Tillage and Weed Fabric controls
for 2012.

Effect Contrast
2012

Estimate

Standard
Error DF t Value

Pr > |t|

Straw v Tillage

-2.2337

5.8614

14

-0.38

0.7089

Living mulch v Tillage

-4.0211

5.8499

14

-0.69

0.5031

Trefoil v Tillage

0.9393

5.8614

14

0.16

0.8750

Grass v Tillage

-7.1941

5.8499

14

-1.23

0.2390

Straw v Fabric

5.4788

5.9300

14

0.92

0.3712

Living mulch v Fabric

3.6913

5.9320

14

0.62

0.5438

Trefoil v Fabric

8.6517

5.9300

14

1.46

0.1666

Grass v Fabric

0.5183

5.9320

14

0.09

0.9316

Tillage v Fabric

3.8562

3.4130

14

1.13

0.2775
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Table C7. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) average water use between months within 2012 contrasted with Tillage and
Weed Fabric controls.

Effect

Contrast

Estimate

Standard
DF
Error

t Value Pr > |t|

month in year
2012
June

July

August

Straw v Tillage

1.2243

7.5028

33

0.16

0.8714

Living mulch v Tillage

0.2999

7.4216

33

0.04

0.9680

Trefoil v Tillage

6.3195

7.5028

33

0.84

0.4057

Grass v Tillage

-4.7953

7.4216

33

-0.65

0.5227

Straw v Fabric

0.7369

7.8371

33

0.09

0.9257

Living mulch v Fabric

-0.1875

7.7898

33

-0.02

0.9809

Trefoil v Fabric

5.8321

7.8371

33

0.74

0.4620

Grass v Fabric

-5.2828

7.7898

33

-0.68

0.5024

Tillage v Fabric

-0.1219

2.2226

33

-0.05

0.9566

Straw v Tillage

-1.8423

7.4216

33

-0.25

0.8055

Living mulch v Tillage

-5.6262

7.4216

33

-0.76

0.4538

Trefoil v Tillage

1.1843

7.4216

33

0.16

0.8742

Grass v Tillage

-8.6528

7.4216

33

-1.17

0.2520

Straw v Fabric

9.2456

7.7898

33

1.19

0.2438

Living mulch v Fabric

5.4617

7.7898

33

0.70

0.4881

Trefoil v Fabric

12.2722

7.7898

33

1.58

0.1247

Grass v Fabric

2.4351

7.7898

33

0.31

0.7566

Tillage v Fabric

2.7720

2.2226

33

1.25

0.2211

Straw v Tillage

-6.0830

7.4216

33

-0.82

0.4183

Living mulch v Tillage

-6.7371

7.4216

33

-0.91

0.3706
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Table C7. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) average water use between months within 2012 contrasted with
Tillage and Weed Fabric controls.

Contrast

Standard
Estimate Error
DF

2012

Trefoil v Tillage

-4.6860

7.4216

33

-0.63

0.5321

August

Grass v Tillage

-8.1341

7.4216

33

-1.10

0.2810

Straw v Fabric

6.4538

7.7898

33

0.83

0.4133

Living mulch v Fabric

5.7997

7.7898

33

0.74

0.4618

Trefoil v Fabric

7.8508

7.7898

33

1.01

0.3209

Grass v Fabric

4.4027

7.7898

33

0.57

0.5758

Tillage v Fabric

3.1342

2.2226

33

1.41

0.1679

Effect

t Value Pr > |t|

month in year
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Table C8. General linear mixed model for tree-row and alleyway main effects average
water use (mm/week) by month in 2013.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

7

0.20 0.6696

alleyway

1

7

0.40 0.5462

tree-row*alleyway

1

7

0.26 0.6277

month

2

20

4.74 0.0207

tree-row*month

2

20

2.01 0.1595

alleyway*month

2

20

1.97 0.1650

tree-row*alleyway*month

2

20

0.60 0.5580
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Table C9. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) average water use within year contrasted with Tillage and Weed Fabric controls
2013

Effect Contrast
2013

Estimate Standard Error

DF t Value Pr > |t|

Straw v Tillage

-7.6712

7.4704

13

-1.03

0.3232

Living mulch v Tillage

-4.9471

7.0546

13

-0.70

0.4955

Trefoil v Tillage

-3.6246

7.2760

13

-0.50

0.6267

Grass v Tillage

-8.9936

7.2760

13

-1.24

0.2383

Straw v Fabric

-10.1270

7.4704

13

-1.36

0.1983

Living mulch v Fabric

-7.4029

7.0546

13

-1.05

0.3131

Trefoil v Fabric

-6.0805

7.2760

13

-0.84

0.4184

Grass v Fabric

-11.4495

7.2760

13

-1.57

0.1396

Tillage v Fabric

-1.2279

4.0730

13

-0.30

0.7678

199
Table C10. Tree-row (Straw and Living mulch) and alleyway (Grass and Trefoil) average
water use between months in 2013 contrasted with Tillage and Weed Fabric controls.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

month in year
2013
June

July

August

Straw v Tillage

1.0108 8.8195

32

0.11

0.9095

Living mulch v Tillage

-5.3875 8.3394

32

-0.65

0.5229

Trefoil v Tillage

-3.3320 8.5917

32

-0.39

0.7007

Grass v Tillage

-1.0448 8.5917

32

-0.12

0.9040

Straw v Fabric

-5.8142 8.8195

32

-0.66

0.5145

Living mulch v Fabric

-12.2125 8.3394

32

-1.46

0.1528

Trefoil v Fabric

-10.1570 8.5917

32

-1.18

0.2458

Grass v Fabric

-7.8698 8.5917

32

-0.92

0.3665

Tillage v Fabric

-1.7062 2.4074

32

-0.71

0.4836

Straw v Tillage

-13.3917 8.8195

32

-1.52

0.1387

Living mulch v Tillage

-7.5175 8.3394

32

-0.90

0.3741

Trefoil vs Tillage

-3.6674 8.5917

32

-0.43

0.6723

Grass v Tillage

-17.2418 8.5917

32

-2.01

0.0533

Straw v Fabric

-13.9242 8.8195

32

-1.58

0.1242

Living mulch v Fabric

-8.0500 8.3394

32

-0.97

0.3416

Trefoil v Fabric

-4.1999 8.5917

32

-0.49

0.6283

Grass v Fabric

-17.7743 8.5917

32

-2.07

0.0467

Tillage v Fabric

-0.1331 2.4074

32

-0.06

0.9562

Straw v Tillage

-10.6326 8.8195

32

-1.21

0.2368

Living mulch v Tillage

-1.9362 8.3394

32

-0.23

0.8179

Trefoil vs Tillage

-3.8745 8.5917

32

-0.45

0.6551
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Table C10. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) average water use between months within 2013 contrasted with
Tillage and Weed Fabric controls.

Effect

Contrast

Standard
Estimate Error

DF

t Value Pr > |t|

month in
Year
2013
August

Grass v Tillage

-8.6943

8.5917

32

-1.01 0.3192

Straw v Fabric

-10.6426

8.8195

32

-1.21 0.2364

Living mulch v Fabric

-1.9462

8.3394

32

-0.23 0.8170

Trefoil v Fabric

-3.8845

8.5917

32

-0.45 0.6542

Grass v Fabric

-8.7043

8.5917

32

-1.01 0.3186

Tillage v Fabric

-0.0025

2.4074

32

-0.00 0.9992
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Table C11. General linear mixed model for tree-row and alleyway main effects average
tree growth (ΔTCSA) from 2011 to 2013.
Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

2.41 0.1547

alleyway

1

9

17.40 0.0024

tree-row*alleyway

1

9

1.10 0.3213

year

2

24 380.76 <.0001

tree-row*year

2

24

1.77 0.1916

alleyway*year

2

24

12.79 0.0002

tree-row*alleyway*year

2

24

0.43 0.6585
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Table C12. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) tree growth (ΔTCSA) from 2011 to 2013 year contrasted with Tillage and Weed
Fabric controls

Effect

Standard
Error

DF

4.8258

5.6208

15

0.86

0.4041

Living mulch v Tillage

13.5033

5.6208

15

2.40

0.0297

Trefoil v Tillage

-2.4854

5.6208

15

-0.44

0.6647

Grass v Tillage

20.8146

5.6208

15

3.70

0.0021

Straw v Fabric

-7.9725

5.6208

15

-1.42

0.1765

0.7050

5.6208

15

0.13

0.9019

Trefoil v Fabric

-15.2838

5.6208

15

-2.72

0.0158

Grass v Fabric

20.8146

5.6208

15

3.70

0.0021

Tillage v Fabric

-6.3992

3.2452

15

-1.97

0.0674

Contrast

Estimate

t-Value Pr > |t|

ΔTCSA
2011-2013 Straw v Tillage

Living mulch v Fabric
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Table C13. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) tree growth (ΔTCSA) between years from 2011 to 2014 year contrasted with
Tillage and Weed Fabric controls

Effect

Contrast

Estimate

Standard Error DF t-Value Pr > |t|

ΔTCSA
2011-2012 Straw v Tillage

16.0875

7.6811

36

2.09

0.0433

Living mulch v Tillage

30.4250

7.6811

36

3.96

0.0003

Trefoil v Tillage

2.8500

7.6811

36

0.37

0.7128

Grass v Tillage

43.6625

7.6811

36

5.68

<.0001

Straw v Fabric

-28.9625

7.6811

36

-3.77

0.0006

Living mulch v Fabric

-14.6250

7.6811

36

-1.90

0.0649

Trefoil v Fabric

-42.2000

7.6811

36

-5.49

<.0001

Grass v Fabric

-1.3875

7.6811

36

-0.18

0.8577

Tillage v Fabric

-45.0500

8.8694

36

-5.08

<.0001

1.0625

7.6811

36

0.14

0.8908

Living mulch v Tillage

12.2625

7.6811

36

1.60

0.1191

Trefoil v Tillage

-6.7375

7.6811

36

-0.88

0.3862

Grass v Tillage

20.0625

7.6811

36

2.61

0.0130

Straw v Fabric

5.8125

7.6811

36

0.76

0.4541

Living mulch v Fabric

17.0125

7.6811

36

2.21

0.0332

Trefoil v Fabric

-1.9875

7.6811

36

-0.26

0.7973

Grass v Fabric

24.8125

7.6811

36

3.23

0.0026

Tillage v Fabric

4.7500

8.8694

36

0.54

0.5956

2013-2014 Straw v Tillage

-2.6725

7.6811

36

-0.35

0.7299

Living mulch v Tillage

-2.1775

7.6811

36

-0.28

0.7784

Trefoil v Tillage

-3.5687

7.6811

36

-0.46

0.6450

Grass v Tillage

-1.2813

7.6811

36

-0.17

0.8685

2012-2013 Straw v Tillage
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Table C13. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) tree growth (ΔTCSA) between years from 2011 to 2014 year
contrasted with Tillage and Weed Fabric controls.

Effect

Contrast

Estimate Standard Error DF t-Value Pr > |t|

ΔTCSA
2013-2014 Straw v Fabric

-0.7675

7.6811

36

-0.10 0.9210

Living mulch v Fabric

-0.2725

7.6811

36

-0.04 0.9719

Trefoil v Fabric

-1.6637

7.6811

36

-0.22 0.8297

Grass v Fabric

0.6238

7.6811

36

0.08 0.9357

Tillage v Fabric

1.9050

8.8694

36

0.21 0.8311
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Table C14. General linear mixed model for tree-row and alleyway main effects average
kg of orchard floor biomass from 2011 to 2013.

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

24.72 0.0008

alleyway

1

9

0.51 0.4951

tree-row*alleyway

1

9

2.11 0.1803

year

2

24

76.02 <.0001

tree-row*year

2

24

13.57 0.0001

alleyway*year

2

24

1.98 0.1598

tree-row*alleyway*year

2

24

1.09 0.3520
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Table C15. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and.
Trefoil) contrasted with Tillage and Weed Fabric controls for average kg groundcover
vegetation per plot from 2011 to 2013.

Effect

contrast

Standard
Estimate Error
DF

t Value Pr > |t|

kg
vegetation
per plot
2011

Straw v Tillage

1.0988 18.3331

36

0.06

0.9525

Living mulch v Tillage

49.3117 18.3331

36

2.69

0.0108

Trefoil v Tillage

19.7859 18.3331

36

1.08

0.2877

Grass v Tillage

30.6246 18.3331

36

1.67

0.1035

Straw v Fabric

-13.3233 18.3331

36

-0.73

0.4721

34.8896 18.3331

36

1.90

0.0650

Trefoil v Fabric

5.3638 18.3331

36

0.29

0.7715

Grass v Fabric

16.2025 18.3331

36

0.88

0.3827

Tillage v Fabric

-7.2110 10.5846

36

-0.68

0.5001

Straw v Tillage

47.5503 18.3331

36

2.59

0.0136

Living mulch v Tillage

154.46 18.3331

36

8.43

<.0001

Trefoil v Tillage

113.87 18.3331

36

6.21

<.0001

Grass v Tillage

88.1394 18.3331

36

4.81

<.0001

Straw v Fabric

64.4700 18.3331

36

3.52

0.0012

Living mulch v Fabric

171.38 18.3331

36

9.35

<.0001

Trefoil v Fabric

130.79 18.3331

36

7.13

<.0001

Grass v Fabric

105.06 18.3331

36

5.73

<.0001

Tillage v Fabric

8.4599 10.5846

36

0.80

0.4294

Living mulch v Fabric

2012
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Table C15. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) contrasted with Tillage and Weed Fabric controls for average kg
groundcover vegetation per plot from 2011 to 2013.

Effect

contrast

Standard
Estimate Error

Straw v Tillage

DF

t Value Pr > |t|

22.9415 18.3331

36

1.25 0.2189

Living mulch v Tillage 34.9084 18.3331

36

1.90 0.0649

Trefoil v Tillage

33.4282 18.3331

36

1.82 0.0766

Grass v Tillage

24.4217 18.3331

36

1.33 0.1912

Straw v Fabric

23.0906 18.3331

36

1.26 0.2160

Living mulch v Fabric

35.0574 18.3331

36

1.91 0.0638

Trefoil v Fabric

33.5772 18.3331

36

1.83 0.0753

Grass v Fabric

24.5708 18.3331

36

1.34 0.1886

Tillage v Fabric

0.07452 10.5846

36

0.01 0.9944

kg
vegetation per
plot
2013
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Table C16. Main effects of tree-row (Straw and Living mulch) and alleyway (Grass and
Trefoil) contrasted with Tillage and Weed Fabric controls for % legumes in groundcover
vegetation from 2011 to 2013.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

% legumes
in
vegetation
groundcover
2011

Straw v Tillage

0.1592

0.0665

35

2.40 0.0221

Living mulch v Tillage

0.1575

0.0665

35

2.37 0.0234

Trefoil v Tillage

0.3347

0.0665

35

5.04 <.0001

30.6246 18.3331

36

1.67 0.1035

Grass v Tillage

2012

Straw v Fabric

0.1765

0.0665

35

2.66 0.0118

Living mulch v Fabric

0.1748

0.0665

35

2.63 0.0126

Trefoil v Fabric

0.3519

0.0665

35

5.30 <.0001

Grass v Fabric

-0.0007

0.0665

35

-0.01 0.9921

Tillage v Fabric

0.0086

0.0384

35

0.23 0.8231

Straw v Tillage

0.1708

0.0665

35

2.57 0.0146

Living mulch v Tillage

0.1000

0.0665

35

1.51 0.1412

Trefoil v Tillage

0.2378

0.0665

35

3.58 0.0010

Grass v Tillage

0.0330

0.0665

35

0.50 0.6230

Straw v Fabric

0.0615

0.0665

35

0.92 0.3613

-0.0093

0.0665

35

-0.14 0.8901

Trefoil v Fabric

0.1286

0.0665

35

1.93 0.0612

Grass v Fabric

-0.0763

0.0665

35

-1.15 0.2585

Tillage v Fabric

-0.0547

0.0384

35

-1.42 0.1632

Living mulch v Fabric
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Table C16. Continued. Main effects of tree-row (Straw and Living mulch) and alleyway
(Grass and Trefoil) contrasted with Tillage and Weed Fabric controls for % legumes in
groundcover vegetation from 2011 to 2013.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Straw v Tillage

0.2326

0.0665

35

3.50

0.0013

Living mulch v Tillage 0.1945

0.0681

35

2.86

0.0072

Trefoil v Tillage

0.3618

0.0681

35

5.31

<.0001

Grass v Tillage

0.0653

0.0665

35

0.98

0.3328

0.1207

0.0665

35

1.82

0.0780

Living mulch v Fabric 0.0826

0.0681

35

1.21

0.2337

Trefoil v Fabric

0.2499

0.0681

35

3.67

0.0008

Grass v Fabric

-0.0467
-0.0560

0.0665
0.0384

35
35

-0.70
-1.46

0.4872
0.1536

% legumes
in vegetation
groundcover

2013

Straw v Fabric

Tillage v Fabric
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Table C17. General linear mixed model for tree-row and alleyway main effects average
stem water potential before and after irrigation (time) and by month (June or July) in
2013.

Effect

Num DF Den DF F Value Pr > F

tree-row

1

9

0.12

0.7347

alleyway

1

9

1.35

0.2756

tree-row*alleyway

1

9

0.01

0.9289

month

1

100

41.22

<.0001

tree-row*month

1

100

0.01

0.9115

alleyway*month

1

100

0.02

0.8752

tree-row*alleyway*month

1

100

0.06

0.8143

time

1

100

24.29

<.0001

tree-row*time

1

100

0.07

0.7971

alleyway*time

1

100

1.92

0.1692

tree-row*alleyway*time

1

100

0.15

0.7034

month*time

1

100

1.59

0.2098

tree-row*month*time

1

100

1.98

0.1625

alleyway*month*time

1

100

0.02

0.8994

tree-row*alleyway *month*time

1

100

0.75

0.3875
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Table C18. Average stem water potential between months for the main effects of treerow (Straw and Living mulch) and alleyway (Grass and Trefoil) contrasted with Tillage
and Weed Fabric controls.

Effect

contrast

Estimate

Standard
Error

DF t Value

Pr > |t|

Month
June

July

Straw v Tillage

-0.2859 0.7735

150

-0.37 0.7121

Living mulch v Tillage

-0.1094 0.7735

150

-0.14 0.8877

Trefoil v Tillage

-0.3922 0.7735

150

-0.51 0.6129

Grass v Tillage

-0.0031 0.7735

150

-0.00 0.9968

Straw v Fabric

0.1453 0.7735

150

0.19 0.8512

Living mulch v Fabric

0.3219 0.7735

150

0.42 0.6779

Trefoil v Fabric

0.0391 0.7735

150

0.05 0.9598

Grass v Fabric

0.4281 0.7735

150

0.55 0.5807

Tillage v Fabric

0.4312 0.8932

150

0.48 0.6299

Straw v Tillage

-1.1307 0.5944

150

-1.90 0.0590

Living mulch v Tillage

-1.0375 0.5944

150

-1.75 0.0829

Trefoil v Tillage

-1.3375 0.5944

150

-2.25 0.0259

Grass v Tillage

-0.8307 0.5944

150

-1.40 0.1643

Straw v Fabric

-0.5172 0.5944

150

-0.87 0.3856

Living mulch v Fabric

-0.4240 0.5944

150

-0.71 0.4768

Trefoil v Fabric

-0.7240 0.5944

150

-1.22 0.2251

Grass v Fabric

-0.2172 0.5944

150

-0.37 0.7153

Tillage v Fabric

0.6135 0.6863

150

0.89 0.3728
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Table C19. Average stem water potential before and after irrigation (time) for the main
effects of tree-row (Straw and Living mulch) and alleyway (Grass and Trefoil) contrasted
with Tillage and Weed Fabric.

Effect

Contrast

Standard
Estimate Error
DF

t Value Pr > |t|

Time
Before

After

Straw v Tillage

-0.9104

0.7328

150

-1.24 0.2161

Living mulch v Tillage
Trefoil v Tillage

-0.8719
-0.8563

0.7328
0.7328

150
150

-1.19 0.2360
-1.17 0.2445

Grass v Tillage

-0.9260

0.7328

150

-1.26 0.2083

Straw v Fabric

-0.1688

0.7328

150

-0.23 0.8182

Living mulch v Fabric

-0.1302

0.7328

150

-0.18 0.8592

Trefoil v Fabric
Grass v Fabric

-0.1146
-0.1844

0.7328
0.7328

150
150

-0.16 0.8760
-0.25 0.8017

Tillage v Fabric

0.3708

0.4231

150

0.88

Straw v Tillage

-0.5062

0.6438

150

-0.79 0.4329

Living mulch v Tillage

-0.2750

0.6438

150

-0.43 0.6699

Trefoil v Tillage

-0.8734

0.6438

150

-1.36 0.1769

Grass v Tillage

0.0922

0.6438

150

0.14

Straw v Fabric

-0.2031

0.6438

150

-0.32 0.7528

0.0281

0.6438

150

0.04

Trefoil v Fabric

-0.5703

0.6438

150

-0.89 0.3771

Grass v Fabric

-0.2172
0.1516

0.5944
0.3717

150
150

-0.37 0.7153
0.41 0.6841

Living mulch v Fabric

Tillage v Fabric

0.3822

0.8863

0.9652
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APPENDIX C
FIGURES

kg biomass per plot from 2011 to 2013
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Fig. C1. Dominant orchard floor plant species (kg per orchard plot) for the main effects
of straw and living mulch tree-rows and the industry standards tillage and weed fabric.
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Fig. C2. Histogram bars show the average plant biomass g m-2 composition for grass
alleyway plots over three growing seasons from 2011 to 2013.
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Fig. C3. Histogram bars show the average plant biomass g m-2 composition for trefoil
plots over three growing seasons from 2011 to 2013.

soil moisture loss (mm/day)
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Fig. C4. Rate of soil moisture loss (mm/day) from 0 to 50 cm and 0 to 100 cm based on
mm soil moisture loss per day was calculated as the difference between estimated θv one
day after irrigation until the last reading, approximately one hour prior to irrigation.
* indicates a significant difference at the p<0.05 level.

215
APPENDIX D
CO-AUTHOR CONSENT

216

217
CURRICULUM VITAE
CATHERINE MAE CULUMBER
Plants, Soils, and Climate Department, 4820 Old Main Hill,
Utah State University, Logan, UT-84322-3900
(435) 770-7756, mae.culumber@usu.edu
EDUCATION
PhD, Soil Science, Utah State University, expected 6/2016
Dissertation: Soil Nutrient Cycling and Water Use in Response to Orchard Floor Management in
Stone-fruit Orchards in the Intermountain West
M. S., Ecology, Utah State University, 8/2007
Thesis: DNA Barcoding of Western North American Taxa: Leymus (Poaceae) and
Lepidium (Brassicaceae)
B.S., Biology, University of Wisconsin-Stevens Point, 5/2002
PROFESSIONAL EXPERIENCE
8/2010-present PhD Graduate Student Research Assistant, Plants, Soils, and Climate Dept.,
Utah State University.
8/2007-1/2011 Research Associate, Wildland Resources Dept., Utah State University.
8/2004-8/2007 M.S. Graduate Student Research Assistant, Wildland Resources Dept.
Utah State University
1/2006-6/2011 GS 0404-7 Biological Science Laboratory Technician, USDA
Agricultural Research Service, Logan, UT
5/2004-8/2004 Botanist, Plants, Soils and Climate, Utah State University, Logan, UT.
5/2002-3/2004 GS 0404-4/5/6 Biological Science Technician, USDA-Forest Service,
Logan, UT.
PUBLICATIONS
Reeve, J., B. Black, C. Ransom, C.M. Culumber, T. Lindstrom, D. Alston, and A.
Tebeau. 2013. “Developing Organic Stone-fruit Production Options for Utah and the
Intermountain West United States. In proceedings of the Second International Organic
Fruit Symposium, At Leavenworth, Washington, USA, June 18-21, 2012. Volume: 1001.
Culumber, C.M., S.R. Larson, T.A. Jones, and K.B. Jensen. 2013. Wide-scale
Population Sampling Identifies Three Phylogenetic Races of Leymus cinereus and Lowlevel Genetic Admixture with Leymus triticoides. Crop Science. 53: 996-1007.
Guttery M.R., T.A. Messmer, E.T. Thacker, N.G. Gruber, and C.M. Culumber. 2013.
Greater Sage-Grouse Sex Ratios in Utah: Implications for Reporting Population Trends.
Journal of Wildlife Management 77: 1593–1597.

218
Culumber C.M., S.R. Larson, K.B. Jensen, and T.A. Jones. 2011. Genetic Structure of
Eurasian and North American Leymus (Triticeae) Wildryes Assessed by Chloroplast
DNA Sequences and AFLP Profiles. Plant Systematics and Evolution. 294: 207-225.
Larson S.R., C. M. Culumber, R.N. Schweigert, and J.R. Chatterton. 2010. Species
Delimitation Tests of Endemic Lepidium papilliferum and Identification of Other
Possible Evolutionarily Significant Units in the Lepidium montanum Complex
(Brassicaceae) of Western North America, Conservation Genetics.11: 57-76.
Smith, J.F., A.J. Stillman, S.R. Larson, C.M. Culumber, I.C. Robertson, and S.J. Novak.
2009. Phylogenetic Relationships Among Lepidium papilliferum (L. Henderson) A. Nels.
& J. F. Macbr., L. montanum Nutt., and L. davisii Rollins (Brassicaceae)1. The Journal of
the Torrey Botanical Society 136: 149–163.
ABSTRACTS AND POSTERS
Nafziger, G., C.M. Culumber, J.R Reeve, and B.L. Black. 2016. Statistical Analysis of
Organic Non-Chemical Controls on Peach Tree Fruit Yield. Utah Conference on
Undergraduate Research. February 19, Salt Lake City, Utah.
Thomsen, E., J.R. Reeve, and C.M. Culumber. 2015. On-farm soil quality testing in
organic, and conventional peach orchard systems. Soil and Water Conservation Society.
July 26-29, Greensboro, NC.
Thomsen, E., J.R. Reeve, and C.M. Culumber. 2015. On-farm soil quality testing in
organic, and conventional peach orchard systems. Soil Science Society of America.
November 15-18, Minneapolis, MN.
Culumber, C.M., J.R. Reeve, and B.L. Black B. 2013. Legume Alleyway Groundcovers
Influence Tree-row Soil Quality in an Organic Orchard. ASA, CSSA, and SSSA
International Annual Meetings. November 3-6, Tampa, FL.
Culumber, C.M., J.R. Reeve, B.L. Black, C. Ransom, D. Alston, A. Tebeau and T.
Lindstrom. 2012. Organic Orchard Floor Management Impacts on Soil Nitrogen Cycling
and Tree Nitrogen Uptake. ASA, CSSA, and SSSA International Annual Meetings,
October 21-24, Cincinnati, OH.
Culumber, C.M. and J.R. Reeve. 2012. Evaluating Orchard Floor Management Effects
on Soil Quality. International Society of Horticultural Science. June 18-21, Leavenworth,
WA.
Culumber, C.M., S.R. Larson, and T.A. Jones. 2006. Phylogeography of North
American Leymus Wildryes and other Leymus taxa. March 27-30, Native Plant Summit
IV, Boise, ID

219
TEACHING
PSC 3800 and 6900 “Fundamentals of Organic Agriculture” Plants, Soils, and Climate
Dept. Utah State University. Instructor: 2015, Guest lecturer: 2012, 2013, 2014
SPEAKING INVITATIONS
Utah State University Cooperative Extension, Direct Marketing and Organic Farming
Conference April 15-16, 2014. Hurricane, UT. “Soil Fertility Management in Organic
Orchard Systems”.
Utah State University Cooperative Extension, Direct Marketing and Organic Farming
Conference April 8-9, 2014. Moab, UT. “Organic Peach Tree and Root Growth in
Response to Understory and Fertility Management”.
Utah State University Cooperative Extension Urban and Small Farms Conference,
February 18-19, 2014. American Fork, UT. “Orchard Understory and Fertility
Management”.
Utah State University Cooperative Extension Fruit and Vegetable Workshop, June 11,
2013. Kaysville, UT. “Organic Orchard Nutrient Management” and “Orchard Irrigation:
soil moisture, monitoring, and tree/cover crop water use”.
Utah State Horticultural Association Convention. January 29-30. Spanish Fork, UT.
“Organic Peach Project Update”.
Gardener’s workshop, March, 17, 2012. Malad, ID. Conventional and Organic Methods
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Elva Acklam and Arvil Stark Award: 2011, 2012, 2013
USDA-ARS: Certificate of Merit for Outstanding Performance (6/2006-3/2007)
GRANTS AND FUNDS
Utah State University, Utah Agricultural Experiment Station grant “Changes in microbial
community composition, structure, and functional activity in response to organic peach
orchard management practices” June, 2012. $20,000
Utah State University, College of Agriculture special funds grant “In Situ Monitoring of
Soil Moisture and Nutrients in Orchard Floor Management” June, 2011. $5,000

